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Report No. 2954 
Volume V I  

I. INTRODUCTION 

This volume contains the mechanical design details  for  the SNAP-8 
Preprototype Alternator , P/N 094162, accomplished by the DCM&G Department 
of the General Electric Company i n  Erie, Pa. 
were bui l t ,  one of which i s  installed on TAA P/N 093000-5, S/N A-2, and 
located a t  the NASA Lewis Research Center i n  Cleveland, Ohio. 

Four (4 )  of these alternators 

Included are design calculations f o r  the rotor and complete bearing 
and seal reports. 
used i n  the mechanical design and construction of t h i s  alternator are also 
a part of t h i s  design f i l e .  

Tables of f i t s  and clearances, weights and materials 

A complete description, principal of operation, instruction fo r  hand- 
l ing and storage, inspection, maintenance, disassembly, cleaning and testing, 
generator constants and i l lustrations are compiled i n  an instruction manual. 

Page 1-1 
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11. ROTOR DESIGN 

A. Moment of Inertia of Rotor 

B. Shaft Fi t  
C. Quill Shaft Design 
D. Balance Stability of the Rotor 

Page 11-1 
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R i  

EMNO. E-4-49 

fi--- c 

TO: P. I-I. Hudson/G. 04-e  
AEROJET GENERAL COKP. 
A z u s  a, Cali f o  r nia 

SUBJECT: AGC LETTER 93k:IV:0281 
DATED 22 APRIL 1964 

COPIES: Standard Distribution 

DATE: May 28, 1964 
PAGENO. 1 O F  2 PAGES 

This EM is written in reply to the f i rs t  three items of the subject letter. 

1. Tlie balance stability of the rotor after heat treating i s  verified by spinning 
the heat treated and balanced rotor  for  f i v e  min(itcs a t  28, 000 RPM, 55O0F. 
This is a 50°,0 overspeed conditic\n. 
rotor is checked. 
tested to  datt:. 

A f t e r  spin tcstin.r, the balance of the 
No change i n  hcLlancc: h;Ls been obscrved in any rotor 

The 18, 000 R P h l  overspeed sp in  test  intiiires stresses-in thc rotor of 2. 25 
times those cspcrienced during normal operation at 12, 000 R P M ,  
rotor pole diameters have been measuret1 before and a i te r  spin testing and 
no change i n  dimension has bec.n observed i n  a n y  rotor tested to date. 

The 

Tlie maxiwitim calculated stress is  o n l y  19,  70O'psi a t  12,  000 R P M .  
s t r e s s  oc 'c~i i -s  at the c-cntcr hole (if thc i-utt,r wherc: tlie yield strength is 
estiinatcd to be in excess o f  70 ,  000 psi  a t  operating icinpc1-ature. 

This 

At the s t r e s s  level nnd tc-niperalni-e at w1)ich the rotc;r operatesg creep i s  
not n p~-ob lem even io r  anncalccl carbon steel, The SNAP 6 rotor, there- 
Jorc ,  should not have any problcim in niaintaining stable clirricnsions for 
i o ,  000 hours.  

2. T h c  sea l  weld joint design for the prototype generator has been changed 
from thc design proposed at  the Febriiary 26, The 
new design has a trepanned weld preparation on the ADE cnd shield which 
w j l i  require a minimal heat input to achicve the weld and w i l i  absorb 
distortion caused by welciing. 
1x1 coordination with Aerojet and is coniparable with the pre-prototype 

1964 Design Re\ icw. 

The DE seal  weld design has a lso  changed 

I '17 a s  far  as  dimensional stability is concerned. 



TO: 

SUBJECT: 

COP I ES: 

DATE: hlay 28, 1964 
P A G E N O .  2 OF 2 P A G E S  

3 .  The only damage which has occurred to  generator parts during disassembly 
has been scoring and galling of diameters having tight fits. 
overcome by the application o f  a liibricant to these diameters during assembly 
of the generator. The s c r e w  scs l  co l ldrs  have been redesigned to p?crrnit 
thcm t o  be removcd as indiuirliinl pieces bci'orc bearing 1-emoval, thereby 
reducing the removal force requircd when the bearing is removed. Fixtures 
a re  in use which eliminate the requirement that force be transmitted through 
the bearing balls during disasscmbly. Inspection o f  parts after disassembly 
has not revealed any distortion caused by disassembly procedures. 

This has been 

, .  .. 
, S I  t 

Rc\ic\;rc.c', by R. I € .  Guedet 
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111. BEARING DESIGN 

A. AGC Specification 10206, Bearing, Ball, Angular Contact, 
40 mm Bore 

B. Bearing Evaluation and Cri t ical  Speed Calculations f o r  the 
SNAP-8 Alternator, by J. M. McGrew, General Electric Report 
No.  64GL125, dated 31 August 1964 

C. Bearing Forces Due to Magnetic Eccentricity 
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DEVELOPmNT 

PRODUCT SPECIFICATION 

BEARING, B A G ,  ANGULAR CONTACT, 40 mm BORE 

AGC-10206A 
11 November 1964 
Superseding 

28 June 1963 
AGC-10206 

E 



AGC-10206A 

MIL-STD-130 Identification Marking of U , S .  
M i l i t a r y  Property 

(Copies of documents required by contractors i n  connection with specific 
procuremsnt functions should be obtained as indicated i n  the Deparhent 
of Defense Index of Specifications and Standards, ) 

2,2 Other documents,- Unless otherwise specified, the following 
docwlnents, of the issue i n  effect  on the date of invitation f o r  bids, 
sha l l  form a par t  of t h i s  specification t o  the extent specified herein, 

SPECIFICATIONS 

Society of  Automotive Engineers 

AMs 4616 Silicon Bronze 

(Copies of AMs specifications may- be obtained from the Society of 
Automotive Engineers, 485 Lexington Avenue, New York 17, N, Y,) 

S TANDAR1)S 

Anti-Friction Bearing Manufacturers Association (AFBMA) 

Section No. 3 B e a r k g  Toleranees 

Section NO, 4 Ball and Roller Bearing Standard 
Gaging Practices 

.Section No, 10 Standards for  Balls 

(Copies of AFBMA standards may be obtained f m m  the Anti-Friction 
BeaPing Manufactwers Associa~ion, IneoO 60 East 42nd Street, New York 17, 
N .  Y,) 

2,3 Aerojet-General Corporation documents, - Unless otherwise 
specir"ied, the f o l l d n F :  documents o f  the la tes t  5ssue i n  effect ,  shall 
form a par t  of t h i s  speeification to  the extent specified herein: 



AGC-10206A 

SPECIFICATION 

AGC-10354 

STANDARD 

ASD 5215 

DRAWING 

095355 

3 P  REQUIREMENTS 

Steel, Bearfng, APSIPISO, 
Requirements for  

Marking, Methods of 

Bearing, B a l l ,  Angular 
Contact 

3*l Deviations,- Devi t i ons  from the requirements f t h i s  specifi- 
cation and the applicable documents shall  n o t  be pe-mitted unless written 
authorization has been granted t o  the supplier by the Aerojet-General 
Corporation (AGC) cognizant engineer. 
ment documents (see. 6,2) shal l  constitute such authorization. 

Devia%Lons specif"5.ed i n  the procwe- 

3,2 Materials,- The materials used i n  the manufacture of the 
bearing shal l  Ee of t h e  highest available qJality, consistent with the 
requirements of maximum fatigue l i f e ,  

3 . 2 d  Rings and balls,- The inner and outer rings and the ba l l s  
shal l  be made of consumable electrode vacuum remelted AIS1 M-50 high speed 
s tee l  En accordance with Specification AGC-103540 
bearing shal l  be fabricated f r o x  material processed i n  a single heat, 
Similarly, the bal ls  of each bearing shal l  be fabricated from material 
processed i n  a single heat,  Each bearing serial number and the 
corresponding mater5al heat numbers shal l  be recorded and cer t i f ied by 
the supplier (see 4.5)0 
and number of vacuum remelt cycles shal l  be specified i n  the procurement 
document (see 6,2) 

The rings of each 

Classification of  the material as t o  melt type 

3,2,1,1 Keat treatment,- The rings and bal ls  shal l  be uniformly 
through hardened and t r ip l e  tempered t o  63 through 65 on the Rockwell C 
scale i n  accordance with Specification ~ 1 ~ - ~ - 6 8 7 5  and the best commercial 
practice f o r  high-grade a i rc raf t  and missile bearings. 
treatment procedure shal l  be such that the microstructure shal l  be 
homogeneous and the mount of retained austenite; sha l l  be a minimum 
consistent with the specified hardness, 

The heat 
. 

-3 



AGC-10206A 

3*2,2 Separator.- The ba l l  ssparator shal l  be made of Iron- 
- Silicon-Bronze material i n  accordance with Specification AMs-4616, o r  
equivalent 

3*3 
row, angular contact ba l l  bearing, separable under hand pressure, with the 
low, non-thrust shoulder i n  the i n n e r  ring, and with an outer-ring-piloted 
ba l l  separator of one-piece construction* Dimensions shall  be i n  accordance 
w i t h  Drawing 09s35s and as specified herein, 

Design,- The basic design of the bearing shall  be a single- 

3.3.1 Size and i n t e r n a l  geometry,- The basic s ize  and internal 
geometry of the bearing shall  be as follows: 

Basic size: 
Bore 40 mm (7-,5”7L8 inch) 
Outside diameter 80 mm (3a1496 inches) 
Width 18  mm (9,7087 inch) 
Number of ba l l s  - 13 
Nominal ba l l  diameter - 15/32 inch 

I n n e r  race cumature (nominal) 52% 

Outer race curvature (nominal) 53% 
I n i t i a l  contact angle (reference) 
Separator configuration See 3e3s1,1 

16 degrees 

3,3.1,1 Separator configuration,- The basic design of  the b a l l  
separator sha l l  be a one-piece, light-weight construction, piloted on 
the inside diameter of the outer ring, 
separator shal l  extend below the pitch circle  of  the bearing, 
design shal l  permit j e t  impingement of lubricant directly on the low,  
non-thrust shoulder of the i n n e r  ring and on the ba l l  area below the 

The ball-spacing portion of the 
The 

.... . 



AGC -n020& 

bearing pitch circleg and shal l  not unduly r e s t r i c t  lubricanP, flow through 
the bearing. 
faces when maximurn working clearances a re  taken up i n  e i ther  axial . 
direction, 
tolerances, clearances, concentricities, roundness, surface roughness, 
and method of fabrication shal l  be specified by the supplier, A drawing 
of the separator defining the configuration, a l l  nominal dimensions, and 
the material shal l  be submitted t o  the AGC cognizant engineer for 
approval prior t o  fabrication, 

Neither side of the separator sha l l  extend beyond the ring 

Additional specific design and piloting features, dimensions, 

3.3.2 Tolerances,- Except as otherwise specified herein and on 
Drawing 09535ss tolerances shall be i n  accordance with the Annular Bear- 
ings Engineers Committee (ABEC) Class 7 ,  as specified i n  A.FBNA Standard, 

. Section No, 3e  
- 
inner ring maxi;-num radial  run-out: 0.0002 inch (see 4.3.5.1) 
Outer ring m a x i m u m  rad ia l  run-ou$: 

Ball tolerances sha l l  be equivalent t o  Grade 5 as speci- 
fied i n  Aj?i3Pl.A Standard, Section No. 10 
Roundness of inner ring bore, outer ring ouLsidc dimeter,  
inner ring raceway, and outer ring raceway: each wi th in .  
0,0001 inch 
Inner race curvature radius: - 0,001inch 
Outer race curvatwe radius: - 0,002 inch , 

of diameter per inch o f  length 

0.00015 inch (see b.3.5,2) 

9 

4- 

'Bore and outside diameter taper,maximum t 8.0002. ineke 

3.3  03  Radial play.- The bearing internal diametral clearance 
(radial play) shal l  be 0.0016 through 0,0021 inch under a reversing gage 
load of  s$ pounds (gee 4.3.s94) 1 

I 
3.3c4 Raceway depths,- -- The depths of the inner  and out& ring ball 

raceways, and the dimensions related t o  the low shoulder on the inner 
ring, shal l  be specified bj the supplies, These dimensions shall. be 
forwarded t o  the AGC cognizant engineer prior Lo fabrication for  %he 
purpose of coordinating the design of bearing accessmy ~ ( ~ n p o n ~ n t r s ~  

on D r w i n g  0 9 3 K i n  accordance with Standard NIL-STD-PO, and as followat 

; 
3.3,s Surface Roughness.- Surface roughness shall be as specified 

Balls: 
Standard, Section No.10 

Equivalent t o  Grade 5 as specified i n  WFBU 

Inner and ouzer raceways: 
micsoinche s 

Maximum 4 roo% mean square (ms) 

- 5- i - 



3 *3.6 Gaging temperature. - The dimensions and tolerances s eziried 
herein and on Drawing 0953??!pply a t  a gaging temperature of 68' - 5 O F .  

3.4 Marking and Identification e - 
3.4.1 Eccentricity.- - The high points of eccentricity of the inner 

and the outer rings shal l  be legibly marked with a 1/16 inch diameter 
burnished spot on that  side of  the bearing which i s  opposite t o  the s ide 
having the low, non-thrust shoulder, 

3 .La2 Identification of bearing ,- The bearing shall be pemmently 

The identification data 
and legiblymarked fo r  identification i n  accordance with Standard 
MIL-STD-130 using Method C o f  Standard ASD5215 
applied t o  the bearing shal l  be as follows: 

( a )  

(b) 
( c ) 
( d )  31anufacturerFs name or symbol 

(e) 

AGC Drawing Number 09535;5, together with revision 
l e t t e r ,  5.3 any 

AGC se r i a l  number (see 6,2) 
Mazluf acturer s par% number 

Bore and outside diameter calibration code sgin?bol 
(see 4&4) 

3*5 Workmanship,- The workmanship shal l  be i n  accordace 1~5th the  
best commeycial practice used i n  the manufacture of: high quality, pre- 
cision bearings for a i r c ra f t  and missile applications, The bearing 
shal l  be f r ee  from tool  marks, nicks, chatter waves, rus t J  grinding 
scratches, p i t s ,  or my other dei'ects that  may adversely affect  its 
serviceability, I 

Icy QUALITY' ASSURANCE PROVISIONS 

hOl InspestLon responsibility.- Unless otherwise staked i n  the 
procuremenTdocument9 the supplier shal l  perform a l l  tes ts ,  inspections, 
examinations and measurements specified herein, 
u t i l i ze  h is  own or any other inspection f a c i l i t i e s  accepiable 60 AGG. 
Inspection records of a l l  examinations, measurements and t e s t s  s h a l  be 
cer t i f ied by the supplier and furnished t o  AGC with delivery of each 
besxing (see 4.5). AGC reserves the r ight  t o  witness any of t he  in- 
spections performed by the supplier, and t o  repeat any such inspections 
a t  any other t e s t  f a c i l i t y  o r  commercial laboratory, 

The suppfier may 



L 2  Test Requirements,- 

4.2,l Ambient conditions .,- Unless otherwise Specified, a l l  dimensional 
inspections, examinations and t e s t s  sha l l  be performed i n  air-conditioned, 
clean surroundings and under the following ambient conditions:. 

Temperature: 68' f S0F 
bme Relative humiditys 50 percept maximum 

r 

A l l  measurements shal l  be made a n e r  the gaging equipent and pa.rts %o 
be measured have been brought t o  the temperature of the room i n  vMch 
the measurements are to  be made, 

I 
4,2,Z Acceptance tes t s , -  The bearing shal l  be subjected to the I 

t e s t s  specified i n  4,3 t o  determine conformance t o  t h i s  speclfication and 
applicable documents. The methods and procedures shal l  conform t o  the 
best commercial practice used i n  the quality control and inspecLion of 
precision a i rc raf t  and missile bearings. 
necessary. shal l  be l e f t  t o  the discretion of the supplier. 

Additional t e s t s  *-as deemed 

he3 Test methods,- 

bejel Magnetic inspection.- The inner and outer r ings  of each 
bearing shai l  be inspected prior t o  assembly i n  accordance wit21 
Specification ~ l ~ . ~ - ~ - S t j 6 8 ,  

4,3,2 Balls,- Prior t o  assembly, each b a l l  sha l l  be non-destructive- 
l y  inspected for surface defects using optical, electronic, o r  similar 
methods applicable t o  precision ba l l  manufacture, 
cracks, grind marks, seams, rus t ,  o r  any other surface blemishes o r  
defects sha l l  be rejected, 

Balls having p i ta ,  

b,3*3 Examina.tion of component,- The pearing shal l  be visually 
examined, by microscopic means i f  necessary, for  confcrmance t o  t h i s  
specification and applicable documents with respect t o  dimensions, 
identification, worlananship, cleanliness, and su2face defec%so The 
examination shall be performed on ' a l l  parts prior t o  assembly and, t o  ' 
the extent practicable, on the bearing assembly, 

41304 Sampling tests.-  Tests as  specified i n  (a)  through (e) 
of t h i s  paragraph shal l  be made, employing appropriate sampling methods 
a d  acceptable quality levels i n  accordance with Standard HIL-STD-105, 

- 7- 



of %wo weeks prior  t o  implementation. 

(a) The hardness of the balls and the inner cpnd outer race 
roll ing contact areas shall be de$emined wi-bh a standmd 
hardness t e s t e r  using t he  RockweLl laC!Q scale (see 3eZele2 . )+  
Balls and rings used fo r  hardness tes t ing sknallnot be 
used i n  any bearing, 811 samples used for hardness 
testing s h a l l  be packaged separatelyg appropx5ately 
identified and shipped t o  AGC their respective -. bear 

The surface roughness of balls, rings, and races, s h a l l  
be measured i n  accordance wi%h Standard MIL-STD-10 

ing assmbly lots0 

(b) 

(see 3 .3 .5 )  and Dradng 09S3sso 

( c )  

. 

B a l l  dimensions, sphericity and size variation shall be 
measured i n  accordance wi th  t he  requirements for  
Grade 5 balls  as specified In A m  SLmdasrd, Section 
No. 10, 

(d)  Inner and outek-race curvature r a d f i  si?all.be mea 

( e )  

(see 303.1 and 3 , 3 0 2 > ,  

~ h s  initial contact  angle o f  the bearing s h a ~  be 
measured af tc r  assembly using %he rEpidisecL method 
whereby t h e  r a t io  of separa-bor revolutions t o  ai%her 
inner o r  outer ring revoBxtions i s  dstsmined eat '  .I. nbBr 
manually o r  i n  an appropriate fixture, h axial. 
V m s %  load no t  to exceed 5; pounds shall be applied 
mifo,-naly t o  the bearing during the weaswemen%, 

,$,30s 1nd5vidnal tests,-  Unless stherwise specified, saeh bemi.ng 
aswed as specified i n  403.50S thropg ~ 5 ~ 5  ill 2 C C Q 1 4 d ~ @ 6  
Stmdwd, Section No, b. Wppltcable sions and kioaeraQc 

09s35;se Prior t o  testing, the bearing sha l l  bs 
ce with Specifica-bion MIL-z-~O&~; '  

(a) Bore diameter (see 4.b) 

(e) Width variation 
(b) Width 



(d)  

(e) 

( f )  
(g)  High shoulder diameter 

(h) 
(5) Bore roundness 
( j )  Raceway roundness 
(k) Bore taper 

Radial run-ou% (use co-axial load metihod) 
Groove run-owb with reference s i d e  

Referaxe ’sido run-out with bore 

Low shoulder dimeter ( a t  side) 

(a) 0u.t;sj.de diameter (see LL-4) 
(b) ldidtk 

(e) Widt,h varia’cion 

( d )  

(e>  

(f) 
( g )  ~ h o u l d c r  dimeLer 

(h) Outside diameter roundness 
( 5 )  Racevay roundness 
( 3 )  Outside diameter taper 

R a d i a l  r u n - o ~ t  (use eo-&& load method) . 

Groove run-out wLth reference side 
Outside eyEndrica1 S W ~ E ~ C B  m - o u t  wi%h sefea@nc@ side, 

l i ,30503 Ring flushness,- The f lush  condition of the aides sf one 
_111 

r5i-g ;&th respect ts the  corresponding sides of the other ring sha l l  be 
m a m r s d  i n  accordance with Erawink 095’355~ 

( radial  play) shal l  be measured using a. reversing measuring ~ o i x ~  of 5$ 
pounds. 
posi-Lioyr and wiLh one of its rings supported t o  prevent, movement, ”he 
wsupparted r ing  shall. be pernit led t o  floht both axially and radially 
while %he specified reversing measuring load moves this mmbess u p w  
and dormward. Radial play siZal& be the t o t a l  dianaetricd. movmsnt of 
t h e  unsupported ring when the  specified load i s  reversed, and shin31 be 
’cht :..vs;*age of readings talcerr a% different relative angular posi-bions 
of tho  inner ring,9 outer r ing,  and balls, with sufficient t rave l  betareen 
reaoiags to provide a f u l l  rota”con of tl2e set of balls,  

3 5 4 R a d i  8.l play II - The bearing int8mEd. d i a ~ % , t r d -  c l e z a c s  

The bearing shall be nnszlinted with its a d s  in a hofiaon%al 

-9- 



413y5J5 Vibration and  n o i s e  t e s t  e - The  over-a11 functional quality - ---- 
of balls and races shal l  be determined for each bearing using a vibration 
and noise tes te r  specified by the supplier. 
absense of rolling-contact surface defects, and cleanliness of the . 
bearing shal l  be judged, and acceptance o r  rejection specified, i n  
accordance with the supplier * s ( o r  h i s  designated testing laboratory's) 
quality standards f o r  reliable, high-gratie a i rc raf t  and missile bearings, 

Smoothness of operation, 

4.4 Calibration,- The Dore and outside diameter of each bearing 

The bore and outside diameter tolerances 
shal l  be calibrated-?% classified for  -the purpose of selective f i t t i n g  
with the shaft and housing. 
shall each be divided in to  four  equal increments and a calibration 
code established w i t h  appi-opriate symbols designating eaoh calibration 
group, 
t o  AGC with each shipment of bearings, 

Data permitting interpret.ation of the code shall  be furnished 

4.5 Inspection documentation.- The resul ts  of a l l  acceptanca 
t e s t s  and inspeceions shall be recorded on data sheets ut i l iz ing a 
fonncmt selected by the supplier* 
copies of the data sheets sha l l  be delivered t o  AGC with each bearin,?, 
The data sheezs shall coritzin, as a m i n i t n u n ,  the following: 

A t  l eas t  two cer t i f ied reproducibi e 

(a) This specif icat ion number, issue, and date, 
(b) Drawing Number (09.5'359 t i t l e ,  revision, and date, 
(c )  AGC ser ia l  nimber of  bearing tested 
(d) Respective heat numbers of material used for the bal l s  

a d  the rings (see 3,2,1), 
(e) Manufacturerls pay% number 

(f) 

(g) Manufacturer s inspection signatures 

(h) 

Record of a11 inspections and t e s t s  performed, including 
those specified under 4 ,3  and bob 

Signature of AN-designated reprssenta-bive, i f  inspection 
i s  witnessed. 

5 ,  PREPARATION FOR DELIVEXY 

1 Cleaning,9 preservation and packaging a - Cleaning, preservation 
and packaging shal l  be i n  accordance with the supplier's best commercial. 
practice for precision a i rc raf t  and missile bearings, 



AGC-10206A 

5LL.1 Packaging aftel. Lest.- Each bearing assembly shall be 
cleaned? treated with preservatjve, and packaged i n  a sealed conlaher 
immedia‘tely af ter  completion of  %ne f i n a l  t e s t ,  
sha l l  then be processed through a f i n a l  demagnetization in Lhree axeso 

The packaged bearing 

5 0 2  Packing for  delivery,-  -_I_ The packaged bearings shall be packed 
i n  a manner t o  ensure carriel- acceptance and safe delivery a% destination, 
Any bearing improperly cleaned, o r  damaged as a resul t  of improper 
packaging o r  packing, may be rejected by ACC, 
(see 4.5) shall be packed wi.t,h each bearing i n  a manner t o  ensure ready 
and proper ideiitificat,ion 

Inspection data sheets 

5-3 Marking f o r  shipment,- i4arking f o r  shipment shall ba a t  the  
discretion of the supplier. 
handling and delivery a t  destination arid sha l l  comply with a l l  applicable 
carrier regulations e 

Xarkings shall  be adequate t o  ensure proper 

6 ,  NOTES 

6,3 I n k n d e d  use.- T h e  boaring covered by t h i s  specification i s  -.- 
intended fo r  ‘ I S ~  its a comporient i n  the turbine-alternator assembly of a 
nuclear power conversion sys-tm 

6,1,2 Nominal operating conditions The nominal operating --.-”.- 
conditions and requirements f o r  the  bearing will be i n  accordance with 

. (a) through (m) of this paragraphn 

Shaft speed 
Life, mir?kmxn 

k t Y  
Reliabil i  ty, rninhwn 
Spring preload axial 
External thrust loaa 
Radial l o a d  

Maximum temperatuye 
Lubrication method 

Lubri c! ant 

Lubricant temperature 

12,000 RPX 

10,000 hours 
Continuous 

99 5% 
60 l b  

40 lb 
50 l b  
300°F 
M U l k i p h  jet, 
Organic f h i d  (3 ‘to’l0 e&t,i.+- 

210’F 
stokes at 2109) 

-11- 



(I) Lubricant f l o w  ra te  200 lb/hr/bearing 

(m) Radiation dose levels i n  10,000 hours: 
1 2  

7 
Fast neutrons 5 x 10 nvt 
GEUWla 5 x 10 rads (c )  

6,2 Ordering data.- The procurement document should include the 
following : 

(a) 
(b) 

Ti t le ,  number and date of t h i s  specification 
T i t l e ,  number and date of the applicable specification 
control drawing (see 2 * 3 )  

Classification of r i n g  and b a l l  material i n  accordance 
with Specification AcI-C-lO35b. 
Deviations, exceptions, o r  alternates permissible, i f  any 
Responsibility for  inspections, i f  other than supplier 

including revision le t ter ,  
5.f any 

( e )  

(d) 

(e) 
( f )  Bearing serialization requ5rement s 

(g) AGC receidng inspection requirements 

6,3 Precedence,- I n  the event of conflict between the contract, 
t h i s  specification and any applicable documents, the following ordep 
of precedende shal l  apply: 

(a) The contracS 

(b) 

(c) This specification 

(d) 

The specification control drawing (see 2,3) 

Cther applicable documents (see Section 2) 

6,4 O r a l  statements,- Mo oral statement by any person sha l l  be - 
allowed t o  modify o r  o t h e s s e  affect  i n  any rnmner o r  degree any par t  
of t h i s  specification o r  any document referred to  herein, 

Authorized f o r  Release: 

R R h k b  
A ,  Martin, Head 

Specification and Standards 
SNiP-8 D i d s i o n  
Von Kamnan Center 

-12- 



The bearings of the SNAP-8 alternator are 
evaluated for the loads and operating conditions 
anticipated for the SNAP-8 power system. The results 
of the evaluation indicate that the bearings have 
adequate capacity to meet the 10 ,000  hour life require- 
ment with 99. 5 percent reliability. Computations using 
calculated bearing stiffness show that the alternator 
first critical speed is almost twice running speed. 

Initial tes ts  indicate a time dependent 
deterioration of the oil specified for this application. 
Decision on the use of this oil should be delayed until 
the cause of this deterioration is determined, 

i 
KEY WORDS 

Bearing, Alternator, Critical Speed 

Aerospace Motor and Generator Engineering 
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I. INTRODUCTION 

The SNAP-8'' electrical  generating system is a light weight power supply 

intended for  space operation. It is designed to  deliver 35 Kwe. 

The power is generated by a three-phase, 400 cycle alternator driven 

by a turbine which operates on a mercury vapor Rankine cycle. The al ter-  

nator operates on a conventional ball bearing lubricated and cooled with an 

organic lubricant, Dow ET-378, polyphenyl ether. 

The design and manufacture of the alternator is being carr ied out by the 

General Electric Aerospace Motor and Generator Department under contract 

to  Aerojet General Corporation (AGC). 

been specified by AGC in  order  to attain par ts  conformity between the turbine 

and the alternator. 

loads differ from those found in the turbine, i t  has been necessary to  evaluate 

the specified bearing and lubricant for the loads and operating conditions ex- 

isting in the alternator. This report summarizes the results of this evalua- 

tion. 

The bearing type and lubricant have 

Since the alternator operating conditions and bearing 

.L 

"'Systems for Nuclear Auxiliary Power 



11. BEARING EVALUATION 

Figure 1 is a cutaway drawing of the alternator. The rotor is mounted 

on two 208 J type angular contact type bearings. A DB type mount is used 

with the bearing contact angles diverging. 

ible quill - spline connection. 

The rotor is driven through a flex- 

The lubricant oil  is jetted on the bearing through a multiple jet ring. Oil 

is also jetted on the shaft, inboard of the bearings, to  remove the heat arising 

from the pole face electrical losses. 

A. Bearing T-ype and Geometry 

A-1. General Information 

The type of bearing defined in the specification (Reference 21)  is 

the type normally chosen for high-speed, high-temperature operation. 

low shoulder on the inner ring permits the use of the outer ring riding, one- 

piece separator. Pertinent operating data taken from the specification a r e  

shown in Table 1. 

Tectoni:,s , the vendor, a r e  shown in Figure 2. 

The 

The bearing internal dimensions a s  supplied by Industrial- 

Table 1 

From AGC Specification 10206 

Bearing Geometry 

2 08 bearing 
80 mm OD 40 mm ID 
18 mm width No. of balls - 13 
Ball diam. - .46875 in. 
Inner race  curvature - .52 
Outer race  curvature - .53 
Contact angle, 16' 
ABEC-7 Class 

a 

b 





BEARING DIMENSIONS 

Dimensions in  inches, 

r r------ 

Reference: 
Pndust rial Tectonics 
Drawing 7007 



Table 1 (continued) 

Alternator Operation Conditions 

Speed 12 ,000  rpm 
Bearing Reliability - 99. 5% 
Lubricant - Dow ET-378 o r  equivalent 
Temp. i n  - 210°F 
Flow - 3.33 lb. /min./brg. 

Life - 10,000 hours 

A-2. Race Curvature 

The race curvature is a measure of L e  conformity of the race to 

the ball in a plane passing through the bearing axis and t ransverse to  the 

raceway. The curvature of the race  is defined by: 

The distance between the centers of curvatures of the two races  is 

fixed by the r ace  radii and the ball diameter, and is given by: 

D = ro + ri - d  (2) 

o r r  

D = Bd (3) 

Using the dimensions of Figure 2, B, the total curvature is:  

B = . 0 5  

And D, the distance between center of curvatures is: 

D = .0234 in. 



A-3. Contact Angle and Diametral Clearance 

The f ree  contact angle is the'angle made by a line passing through 

the points of contact of the ball and both raceways with a plane perpendicular 

to  the axis of the bearing when both races  a r e  centered with respect to  each 

other without the application of measurable force. The free contact angle is 

denoted by f l  and is expressed by: 

F ree  contact angle versus diametral clearance for this bearing is shown in  

Figure 3. 

t 

A-4. Reduction in  Contact Angle Due to P r e s s  Fit 

If a bearing is mounted with an interference f i t ,  there is a change 

in diameter of the p re s s  fitted raceway and a corresponding reduction in diam- 

etral  clearance and f ree  contact angle. The initial mounted contact angle is: 

I A pD 
c o s p o  = Cos Bo + - 2 Bd 

where A PD, the reduction in diametral clearances,is: 

- - A x Bore 
A PD E - d  

(7) 

I 

Both the init'ial mounted contact angle, f l  and the reduction in  

diamc-xal clearance, A P D ,  a r e  presented in  Figure 4 as a function of the 

interference. 

A-5. Increase in F r e e  Contact Angle Due to Preload 

Application of a preload wil l  cause an increase in contact angle. 
7. 
_L farL: cq::ation 179 of Reference 13 this increase is given by: 

I 

P 





.. . . . . 

a . . . .. .___ 
. , . . , .. ,. 

- .  

a 



TP - =  
2 nd K 

From equation 186 of the same reference, the axial deflection due to  the pre-  , 

load is: 

6 = BdA (10) 

The axial deflection and increase in contact angle versus spring preload 

appear in  Figure 5. 

A-6. Speed Ratio 

The speed ratio is the ratio of the angular velocity of the pitch 

circle  to  the angular velocity of the rotating member. 

12,000 rpm: 

F o r  this bearing at 

= 71 ENi (1 - c Cosp)  
E vi 

Vi = 1,198 in / sec  

and, 

vE = 1 / 2  Vi = 599 in/sec.  

The speed ratio is: 

- -  - -  NE = -  1 (1 - 2 cosp)= .4045 E 
w 

w i Ni  2 E 

and the angular velocity of the ball is: 

1 - (d/EI2 Cos2 p = 29,175 rpm (14) 1 - - ENi  
NB - [ 

2d 



,I> 

f>z ... ... 
... ... 

c 



w = 3,048 rad/sec.  B 

B. Materials 

B-1. LubricantDow ET-378 

The polyphenyl ether oil,  Dow ET-378, is a new class of fluid de- 

veloped for use at relatively high temperature and/or nuclear radiation en- 

vironment, This fluid falls in the class of the polynuclear aromatics which 

a re  known to be the most radiation resistant, thermally and oxidatively stable 

fluids currently available. 

The Dow Chemical Company, developers of ET-378, claim cor -  

rosion in  ET-378 is nil based on a 48 hour corrosion-oxidation tes t  at 

50O0F. (Ref. 1) 

would not react with copper alloys to 300°F, the maximum allowable bearing 

temperature. Oxidation-corrosion tes ts  at 500°F and 550OF by Monsanto on 

its OS-124 polyphenyl ether oil showed very little attack on pure copper at 

even these elevated temperatures. 

Dow has also assured General Electric that the ET-378 

Although there is no information within General Electric on the use 

of ET-378 with rolling element bearings, there is some experience with other 

types of polyphenyl ethers. In Reference 2,  a study was made of the effect 

of several  lubricants on the rolling contact fatigue life of M-50 tool steel, 

One of the lubricants evaluated was a polyphenyl ether called GTO-929. 

Using MIL-L-7808, a diester oil, and MIL-L-6082 Grade 1100 

petroleum base oil, as references, and the Ll0 life as a criterion, the per-  

formance of the polyphenyl ether is compared in  the following table: 



Table 2 

RC Rig Test Life (Stress Cycles) 

Viscosity (CS) 
L Life -- 210°F 400°F 50 Ll0 Life 

GTO-929 7 .9  x 106 23 x l o 6  13.4 2.08 

MIL-L-7808 2.8 x l o 6  --- 4.38 1.40 

MIL-L-6082 1.3 x l o 6  5.5 x 106 20.3 --- 

r.:. 

*> <." ... ... ... ... ... 

RC Rig tes ts  were conducted at 425'F and 7 x lo5 psi  Hertzian Stress. 

The test data in Table 2 indicates that the polyphenyl ether GTO-929 was  

superior to the other two lubricants with respect to their  lubricating effect 

on the rolling contact fatigue life of M-50 tool steel. It is of further interest 

to note that the polyphenyl .ether lubricant ranked second out of six lubricants 

tested in that investigation. Mr. C. C.  Moore, the author of Reference 2,  

reports that recent full-scale jet-engine tes ts  with polyphenyl ether have 

shown no deficiencies a s  far as lubrication properties a re  concerned. 

Work was carr ied out at Marlin-Rockwell (Ref. 3) with 150 MM 

bearings made of M-50 (CEMV), silver-plated iron-silicon-bronze cages, 

1 8 , 0 0 0  lb. thrust load, 8000 RPM, operating in GTO-929 (polyphenyl ether) 

at 400°F. 

times that of catalog rated life. 

The L10 bearing life, using GTQ-929, was found to be over eleven 

Static seals for "0" rings and gaskets may be a problem. 

Chemical has informed ATL that Teflon (or Viton A' ) is the only satisfactory 

'organic material they know for use with ET-378. 

Dow 

Organic materials, however, 

a r e  unsatisfactory because of the high radiation level. 

"0" rings and gaskets were used in the bearing tes t  r ig  for ease of assembly 

since these tes ts  wi l l  not be performed in  a radiation environment. 

rial problems were encountered. 

Teflon and Viton A 

No mate- 

The actual design will have to re ly  on welds 



c 

and tight fits for  static sealing. 

B-2. Bearing Material 

M-50 is a tool s teel  used for ball bearings that a r e  generally r e -  

quired to  operate at elevated temperatures. M-50 tool steel, composed of 

4.25 Mo, 4.10 Cr,  1. 10 V, 0.80 C, and balance F e  is an excellent bearing 

material  that possesses good hot hardness properties. The Rockwell C 63-65 

hardness of balls and races  specified in the Aerojet -General Corporation 

Specification is satisfactory and is in a range conducive to optimum bearing 

life. 

trode vacuum melting reduces fatigue life scatter,  and in  some investigations 

(Ref. 4) has shown longer fatigue life over that of air-melted steels.  The 

iron-silicon-bronze cage material  called for in the specification is suitable 

for  this application. 

Further,  reducing the inclusion content of M-50 by consumable elec- 

C. Bearinrs Capacity 

C - 1. Dynamic Capacity 

F rom Reference 7 the basic dynamic capacity is defined as that 

constant stationary radial  load which a group of apparently identical bearings 

with stationary outer ring can endure for a rating of one million revolutions 

of the inner ring. 

tact bearings with balls not la rger  than 25.4 mill imeters o r  one inch in 

The magnitude of the basic load capacity for angular con- 
- 

diameter is: j 

0.7 213 1 .8  c = fc  (i Cos /3 ) n 

The factor fc  depends upon the units used, the g:ometry of the 

bearing components, the accuracy to which the various par ts  a r e  made, and 

the material. 

which varies with 

Values of fc a r e  obtained by multiplying the value of f c / f  

, in  Table 1 of Reference 7, by a factor of f .  
Dm 



The value of f recommended in Reference 7 for ball bearings of good quality 

hardened steel  is, f = 74-50 when pound and inch units a r e  used. 

= . 189 andfc/f  = " 6 1 1  

C = 6242 lbs. 

d C o s  0 For the bearing evaluated here  

The basic dynamic capacity then becomes 

Dm 

AGC quoted General Electric a dynamic capacity of 6,788 lbs. for this bear,ing. 

This figure is nine percent higher than our calculated value, but is permis- 

sible since their  specification calls for an M-50 tool steel. 

C-2. Static Capacity 

The dynamic capacity applies to a bearing subjected to a load while 

the bearing is rotating. When the bearing is not rotating the load capacity is 

determined by the permanent deformations which develop in the load carrying 

surfaces. 

corresponds to a total permanent deformation of ball and race at the most 

heavily stressed contact of 0.0001 of the ball diameter. The magnitude of 

the basic static load rating Co is: 

The static capacity is defined by the static load radial load which 

Co = fo i n d 2  Cos p (16) 

The values of fo for different kinds of bearings as commonly designed and 

manufactured a re  given in  Table 3 of Reference 7. 

be aring 

For this geometry of 

Co = 4894 lbs. 

.D. External Bearing Loads 

The first step required in  evaluating the suitability of the AGC bearing 

selection is to determine the direction and magnitude of the forces acting on 

the siternator bearings. These loads a re  of five types: 

:I_ 

I . . ,.. "" ... ... ... ... 

A '  

.L 



(a) 

(b) Residual unbalance forces 

(c) Magnetic pullover forces 

(d) 

(e) Maximum shock loading during launch (spec. no. 10175) 

Rotor weight when in ground operation 

Possible axial loads transmitted through the spline coupling 

D-1. Rotor Weight 

During ground operation the bearings must be able to support the 

rotor weight in  addition to the residual unbalance forces and the magnetic 

pullover forces. A s  the final rotor design w a s  not complete at the t ime of 

this evaluation the rotor  weight was  assumed to be 70 lbs. 

D-2. Residual Unbalance Loads 

The rotors  for the SNAP-8 alternators are,  of course, balanced. 

However, there  is a limit to the sensitivity of balancing machines and, be- 

cause of this, there  is always some residual rotor unbalance which wi l l  con- 

tribute to  the bearing load at operating speed. 

residual unbalance load it. is necessary to  start with the limitations of the 

balancing machine and work backwards. 

In order  to estimate this 

Most balancing machines consist of two supports with a means to 

drive the rotor  to some balancing speed. The bearing supports a r e  made 

flexible in either the vertical  or horizontal direction in  order  to achieve 

large amplitudes of vibration for  even smal l  unbalance. 

vibration of the bearing supports is used as a measure of the unbalance of 

the rotor. 

unbalance i f  the peak to peak vibration amplitude of the bearing supports 

exceeds 20 microinches. 

the direction of the displacement, the peak to peak displacement amplitude 

can be taken as twice the mass  center displacement of the rotor. 

ual unbalance then is: 

The amount of 

Most commercially available balancing machines indicate an 

Since the bearing supports a r e  not restrained in  

The resid- 

U = r W = , 0112  in-oz. 
15 - . .  



At 12,000 rpm the force resulting from this unbalance is: 

U 
g0 

F = - 0 = 2.86 lbs. 

F / b r g  = 1.43 lbs. 

D-2-a. Balancing Speed 

The best speed for balancing a rotor is at its design operating 

speed. 

rotors. The rotor of the SNAP-8 alternator is relatively stiff in that the 

operating speed of 12,000 rpm is considerably below the rotor first crit ical  

(about 24,000 rpm). 

when balanced at a relatively low balancing speed, it is balanced at all speeds 

up through the design speed. 

However3 this is not always feasible, especially for high speed 

In this case,  the rotor  can be considered rigid, and 

D-2-b. Unbalance due to the Ball Bearings 

The ball bearings on which the rotor  is supported may also intro- 

duce apparent unbalance. 

the inner race diameter wi l l  cause unbalance. 

own bearings wil l  compensate for this type of unbalance. 

to assure that the position of the bearing on the shaft does not change after 

Saiaiicing since, i f  this happens, the vibration wil l  be worse because the 

correction unbalance would add to the eccentricity unbalance. 

Any eccentricity of the bearing bore diameter t o  

Balancing the rotor in its 

Care must be taken 

The ball bearings may also introduce vibrations, which a r e  not of 

the unbalance type, i. e . ,  a force rotating at rotor frequency. Qut-of-round- 

ness of the ball bearing outer r ing wil l  cause an unbalance force of rotor 

frequency which shows up in one direction only. 

b a l k  in the race, unequal ball diameters, and bearing misalignment may 

also iead to unwanted bearing vibratory forces. Forces  of this type are not 

i*ei(uced by balancing, but require close bearing and machine tolerances for  

Precessional motion of the 

- 
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their suppression. 

D-2 -c. Unbalance Due to  Temperature and Centrifugal Loading Effects 

The rotor  for  the SNAP-8 alternator w a s  balanced at room 

temperature and at a relatively low speed, about 2000 rpm. During actual 

operation the rotor wi l l  be subjected to considerable temperature gradients. 

If the rotor distortions caused by these temperature gradients a r e  not sym- 

metrical  about the axis of rotation, unbalance forces may result. Unbalance 

may also result f rom nonuniform distortion due to  centrifugal loading at high 
speed. I \  

D-3. Magnetic Pull  Forces  

The magnetic pull force was supplied by the Aerospace Motor and 

A curve of magnetic pull versus eccen- Generator Engineering Department. 

tr icity is presented in Figure 6 and shows a 65 lb. force per  end at a rotor 

eccentricity ratio of 0.1. 

A description of the magnetic pull force follows. The magnetic 

pull'on each end of the alternator varies with eccentricity from 0 to 1200 lbs, 

The force goes to  zero twice per  revolution. 

out of phase with each other by one-quarter revolution. 

end a r e  in the same direction, 

The forces on the two ends a re  

The forces at each 

If the axis of the rotor is cocked with respect to the s ta tor  such 

that the minimum eccentricity points a r e  90  mechanical degrees apart, the 

forces l ie in  perpendicular planes but in phase. This represents a slightly 

more serious case than the one described in the previous paragraph. Both 

conditions were considered and a re  discussed more fully in  Section H. This 

force is the largest  radial force on the bearing. It can be reduced by closer 

manufacturing tolerances on the rotor eccentricity. 
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D-4. Spline Loads 

The AGC Turbine-alternator interface drawing, No. 090916 calls 

The spline for a splined shaft between the turbine and alternator packages. 

is a "flexible" one in  that the fits a re  chosen to permit relative movement 

between the internal and external spline teeth while the spline is transmitting 

torque. This particular design has no distance piece and with a slight amount 

of misalignment, the coupling begins to operate as an internal gear se t  with 

a one to one ratio. 

Instead of all of the teeth contacting as in the usual spline o r  coup- 

ling, only one o r  two pairs  of teeth may contact at the point of closest approach. 

The load may be applied (at any instant of t ime) to  a very few teeth instead of 

being distributed around the circle  of coupling teeth. A s  pointed out in 

Reference 11, this can cause an overload on the tooth surfaces as much as 

10 to 20 t imes the load obtained with the load evenly distributed among all, of 

the teeth, i f  the shaft is very stiff. The reaction of the internal teeth to this 

load causes a load to be imposed on the bearings. In the SNAP-8 alternator 

design the shaft is made flexible ( k = 200 lbs/in).  With the involute spline 

the internally toothed part  tends to center itself on the externally toothed 

part. Thus the maximum force which can be transmitted to the bearings is 

the force required to center the quill shaft i f  it were misaligned to the maxi- 

mum tolerance. 

inboard bearing and a 7 0 . 1  force on the outboard bearing. 

forces a r e  so small, they wi l l  be neglected. 

This force is 0.416 lbs. and results i n a  to. 5 lb. force onthe 

Since these 

There is also the possibility of axial loads originating in  the spline. 

These can a r i se  from two sources: 

1. Linear expansion of quill shaft under load due to  

temperature fluctuations 

2. Linear movement under load due to eccentric spline motion. 



For an unlubricated spline this load was found to be 237 lbs. and 

fo r  a lubricated spline 1 6  lbs. 

necessary. 

This makes lubrication of the spline absolutely 

E. Shock Loading 

The alternator specification 10175 calls for  an extremely high shock 

loading of 35 g. Since the orientation of the generator on the launch vehicle 

is not yet known, it wi l l  be assumed that the 35 g load must be sustained in  

any direction. In this case high bearing loads wil l  occur while the bearing 

is stationary. There is a limit to the load the bearing can ca r ry  while it is 

not rotating. 

that which the bearing can c a r r y  without permanent deformations which 

would be noticeable when the bearing subsequently rotates under a l e s se r  

load. This load is defined in  Section C-2 as the static load which would 

cause a total permanent deformation of ball and race at the most heavily 

stressed contact of 0. 0001 of the ball diameter. The calculations of Section 

C-2 indicate that the basic static load rating of this bearing is l a rge r  than 

This load, known as the basic static capacity, is defined as  

' the force (2450 lbs, ) which a 35 g acceleration could impose on it. 

F. I IrAernal Bearing Loads 

F-1. Gyroscopic Moment 

In an angular contact bearing, the balls change the direction of 

This causes a gyro- 

The 

their  axes of rotation as  they roll on the inner ring. 

scopic load on the ball which tends to make the ball spin in the race. 

spinning of the ball is resisted by the friction moment caused by the ball 

load. This is illustrated in  Figure 7. 

The resisting torque on the ball is given by: 

cry Sin ,B Md - - I 
n '  



ILLUSTRATION OF GYROSCOPIC MOMENT 

- . -  
Figure 7 



For the 208 ball size I = 8.77 x lb-in-sec2 and for p = 1 6 O  at 

1 2 , 0 0 0  rpm, the gyroscopic moment becomes: 

Md = .392 in-lb. 

Referring to Figure 7 (c), force equilibrium on the ball requires: 

and moment equilibrium requires: 

Md = p Po d (19) 

Taking p i  
obtain: 

= P o  = 1 6 O ,  and a coefficient of friction, p = . 02,  we 

.... ... .... ... ... ... ... . .  ... 

= 39.8 lbs. and F, = 142 lbs. 

Thus a ball ioad of 39.8 lbs. or a preload of 142 lbs. is required to prevent 

spin. This calculation assumes a p = . 02 based on the work of Palmgren, 

Reference 8. Other sources give values of p = .05  to . 1 so that Fx 
couid possibly be as low as  28 lbs. to prevent spin. 

A s  shown in Section F ~ the ball load does become less than 38 lbs. , 

and spin is possible. 

long as the equivalent bearing load is l e s s  than . 0016 Co = 7'8 lbs. The 

load on the generator bearing is 154 lbs. , which is slightly higher than 

. 0016 C o  but less  than the load required to prevent sliding. However, only 

Palmgren (Ref. 8) reports that this is not serious as 

infrequently does this cause any damage. i " 

* 

-5  e Centrifugal Loads 

When the ball rotates at cage speed it exerts a centrifugal force 

on the Tings. This load is given by: 

22  



= 12 .3  lbs. M - - -  
r m  ("m ball g 

- I'C 

for  this bearing at 12,000 rpm. 

bearing with both radial  thrust  loads is to: 

The effect of this load in an angular contact 

a. Load the outer race and unload the inner race. 

b. Tend to decrease the contact angle on the outer race  and 

increase it on the inner race. 

These effects may either increase or decrease the bearing life de- 

pending on bearing geometry and the types of loads imposed. Reference 10 

reports techniques for calculating the effect for deep groove bearings under 

radial  load and angular contact bearings under pure thrust load. In general, 

the effect is smal l  and in the hand calculations we have made no correction 

for this centrifugal load. It is included in the computer solution of Section 11-N. 

G. Selection of the Preload 

The preload is usually selected high enough to prevent any ball f rom 

going through an unloaded zone. The calculations of Section 11-F show that' this 

condition is satisfied for a 60 lb. preload, even under extreme loading condi- 

tions. 

Another factor in high speed bearings is skidding due to the gyroscopic 

moment. 

ball and the race,  the 60 lb. preload is or is not high enough to  prevent skid- 

ding. 

possible as  the coefficient of friction required to prevent skidding (MU-B) 

Depending upon the assumed coefficient of friction between the 

L \  The ,computer output sheets (Section N) also indicate that skidding is 

is larger  than .02 ,  the minimum value usually assumed. 

H. Bearing Equivalent Load 

The equivalent load is defined in Reference 7 a s  that constant stationary 



radial  load, rvhich, if applied to a bearing with rotating inner ring and sta- 

tionary outer ring, would give the same life a s  that which the bearing wi l l  

attain under actual conditions of load and rotation. 

Since the magnetic pull force depends upon the eccentricity and orienta- 

tion of t hg ro to r  which wi l l  vary from machine to machine, it is difficult to  , 

calculate an equivalent load that would apply to all  machines, 

case  conditions have been assumed, and all of the machines manufactured 

within tolerance should fall within the boundaries of the assumptions. 

Thus, worst 

. 

./?_ . .  . .  . .  ..::.., y.:.:.:. <...:...: .... . .. . . ..:. ....~ 
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Hyl.  Case 1. Paral le l  Axis Displacement 

Consider an end view of the alternator in  which the point of min- 

imum rotor eccentricity lines up with the weight vector as shown in Figure 

8, and that the rotor is not cocked, but that the axis of the rotor is parallel  

to the axis of the stator. 

The unbalance load is given by: 

The u-agnetic pull load at each bearing can be represented by: 

FE = FE 1 + c o s  2 u t  
1 m 

2 

and: 

2 
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LOAD ORIENTATION - CASE 1 

Y 

. Residual 
Unbalance 

%- Figure 8 



The rotor weight is a constant at: 

W = 70 lbs. 

This load is shown schematically in Figure 8. 

the maximum bearing reaction becomes: 

Taking moments about R1' 

2 Sin w t % 
f -  

m L -FE 

where it is observed that: 

2 
c o s  2 w  = 2 c o s  w t - 1 

Cos ( w t  - / 2 )  = S i n @  t 

. H-2. Case 2 .  Cocked Rotor 

1 
'In the previous case, it was assumed that the points of minimum 

Another possibility occurs when the rotor eccentricity lay in one plane, 

is cocked and the points of minimum eccentricity lie in planes 90° apart. 

For  this case the magnetic pull forces a r e  90 mechanical degrees apart but 

in  phase in time. 

neglected, the resultant force is: 

This is illustrated in Figure 9. If the unbalance force is 

(" 



LOAD ORIENTATION - CASE 2 
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H-3. Calculation of Equivalent Load 

The basic ball bearing life formula is: 

where L is the life in millions of revolutions, C is the basic dynamic load 

capacity and P is the bearing load acting under the conditions applicable to 

the basic dynamic load capacity. 

considered here, P is the radial component of a load, under the influence of 

which half the circumference of the bearing ring is loaded. 

F o r  the single row angular contact bearing 

f' 
It is further as- 

sumed that the inner ring rotates in  relation to the line of action of the load 

P, while the outer ring remains stationary in relation to this line. 

Now for this application the loads a re  not constant nor are they 

purely radial. 

must be used in  the life formula. 

Thus, a hypothetical load, called the equivalent bearing load, 

This load is given by: 

P = X V F  + Y F a  for F 2 1.5 t a n 6  a -  - r 

r F 

where, 

P = equivalent bearing load 

Fr = the,radi.al component of actual bearing load 

F = the axial component of the actual bearing load 

X = radial factor of the bearing 

Y = the thrust factor of the bearing 

V = rotation factor 

a 

[" 

- 
.d 

. -. ... 



If the inner ring rotates in relation to the direction of the load 

while the outer ring is stationary, then V = 1. 

inner ring is stationary in relation to the load, then V can be considerably 

greater than 1. Tables of V, X, and Y a r e  given in References 7 and 8 for  

various types of bearings. 

If, on the other hand, the 

Account must also be taken of the fluctuation of the bearing load 

with time. Since bearing life is inversely proportional to a power of the load, 

a heavy load may have considerable effect even though it acts for a short time. 

Thus an integrated mean load must be used, and if the load fluctuates peri-  

odically, this is the mean load for one period. The expression for the equi- 

valent load then becomes: 
2 n  1/3 

P =[&/ ( X V F  r + Y F  a I3 d ( w t )  (29)  

0 

From Table 2 of Reference 7, V = 1 . 0  for all loads except the unbalance 

load for which V = 1.2 .  Now for Case 1, F can be expressed by: 

\ "  2 L 

FE m 

Substituting equation 30 into equation 29, the following 

a (cl + C2 cos 2 u t  + c3 Sin 2 a 

L 

integral is obtained: 

t )3 d 

. 

Evaluation of this integral gives: 

9 



where: 

a 

= x.Ql  FE 
m . -  c2 

FE 
= Q 2  m c3 - 

(33) 

(34) 

(35) 

L 

F o r  the following assumed values: 

.S64 - e 2  10. s - = -  = - = -  = 
L 12"  38 . 136 Q l  1.7 

L 12. '3 8 

F = 65 lbs. for  E = . 1  W = 70 lbs. E m 

Fu = 1.43 lbs. 
m 

2 
and from Reference 7, Table 2 ,  

F = 60 + 16 = 761bs. a 

x = .44 Y = 1.47 

v = 1.2  - = -  76 = 0.155 a F 

C 4894 
0 

(37) 

the value of the equivalent load becomes: 

P = 142 lbs. (Case 1) 



F o r  Case 2fsubstitution of equation 26  in equation 29 results in an 

equation that is not readily solved. 

that both magnetic pull forces and the weight force l ie i n  the same plane and 

a r e  in phase i n  time. 

The solution is simplified i f  it is assumed 

The resulting expression for the force is: 
I 

2 
FE + 5 FE COS U t  + Y ' F  (38) FUm Q + v - + +  w 

2 a 2 L m~ m 
F = X -  

Substitution of this in  equation 2 9  and evaluating the resulting integral gives: 
\ - 

P = 154 lbs. (Case 2)  

J. Be.aring Load Distribution 

In order  to insure that none of the balls would operate through an unload- 

ed zone even under unusual load conditions, the load distribution within the 

bearing was calculated by the methods of Reference ?. Consider the single 

row angular contact bearing with an arbi t rary but constant contact angle p. 
It is loaded by an external force, F, acting at 

an angle 

the load center of the bearing and consequently the bearing load, F, also acts 

through this point. 

. The lines of action of the rolling element loads intersect at 

From the equilibrium conditions for the rolling element loads and the 

bearing load, it is shown in  Reference 7 that the following relationship exists 

between the maximum wll ing element load Po 

and Fa of the bearing load: 

and the components Fr 
max 

and 
* c o s  p F r = 3 r . n  . (3 9) 

The factors 3 and 9 r a from Table 2 . 3  of Reference 7 a r e  shown 

plotted in Figure 10. . 

a 
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The external force acting on the bearing is transmitted through the roll- 

ing elements. 

statically indeterminate, and thus the distribution of forces is dependent upon 

the elastic deformation of the various bearing parts. 

deformation and load around the bearing is: 

Since more than one element car r ies  the load, the bearing is 

The relation between 

0 

0 

P 

P 
- 

max 

The extent 

bearing loaded 

of the loaded zone is measured by the parameter E . 
along its entire circumference 

For a 
- 

a r e  the total elastic compressions at the contacts where 6max and 6 

of the rolling elements carrying the heaviest and lightest loads respectively. 

If the raceway is loaded only over part  of the circumference, E is the ratio 

of the projection of the loaded zone to the diameter, and in this case,  E 2 

1.0. 

mirr 

If the bearing is under no radial load F = 0 E = .a and 3 = 1.0. r a 
For this case: 

= F  a P = P  
0 

n Sinp max 0 ,  
(43 1 

A l l  the rolling elements a r e  equally loaded. 

kept constant and the radial  is increased, the balls are no longer equally 

loaded. 

force will unload. 

If the preload (axial force) is 

Those on the side of the bearing opposite the direction of the radial  

For the alternator the worst radial load case  occurs when 

the weight force and the magnetic pull forces a re  in phase in t ime and in the 

same direction. For this case Fr = 100 lbs. Taking a preload of 60 lbs, a 



spline load of 16  lbs, and p = 1 6 O :  

r 

'a 

F 
tan  p = .378 - 

From Figure 10, 

I and 

Since 

and 

= .55 F a  E = 1.45 

(44) 

0 = >: 38. 6 lbs. P 
max 

E > 1, the entire race  is loaded 

' 180 

' max 

1 1 -  - 
2 E  

.312 

(45) 
P 0 min = o  P max ('1801 ' rnax)3iz = 6 .7  lbs. 

Even under the maximum expected radial load all balls a r e  loaded. 

K. Bearinp Life 

The bearing life of an individual ball bearing is defined a s  the number of 

revolutions (or hours at some given constant speed) which the bearing runs 

before the first evidence of fatigue develops in the material  of either ring o r  

of any of the rolling elements. 

the sa-me conditions, wi l l  exhibit different lives. 

Apparently identical bearings operating under 

The dispersion of the life 

values is given by the Weibull distribution: 
L 1.34 

-. . 
5. 35LlO Ps = e 

(46) 

which reduces to  

pS = . 9  for L / L ~ ~  = 1.0. 

34 



Equation 46 assumes that a median life is 4. 08 t imes the L life. 10 

The bearing specification calls f o r  a reliability of 99. 5 percent. F rom 

equation 46:  

(47 1 6 L = . l o 3  Ll0 = -103 x 10 r ev  . 5  

which is the number of revolutions 99.5 percent of the bearings wi l l  survive 

under load C. 

F o r  ball bearings the relationship between load and life is: 

6 Now L1 = . 103 x 10  rev  for .a load P = C and a 995 reliability. 1 

8 The desired life, L2, is 10,000 hours at 1 2 , 0 0 0  rpm; or 72 x 10  rev. 

The allowable load to attain this life is then P or,  2’ 

= 164 lbs. 
P2 

2 The maximum expected under worst case conditions is 154 lbs. 

exceeds this value, the bearing should give the required life and reliability. 

Since P 

It is s0metime.s conyenient to talk about an equivalent L life for the 1 0  
bearing. 

47, .103. 

The ratio of the operating t ime to the design life is from equation 

* 
The Ll0 life is then: 

Oo0 
= 97 , 000 hours. - - 

L1o . 103 

Thus the bearing must be designed for an Ll0 life of 97,000 hours to get a 
life of 10 ,000  hours and reliability of 99.5 percent. 

. 



L. Other Factors Affecting Bearing Life 

In the previous section it was concluded that the proposed alternator 

bearing has enough capacity to meet the 10,000 hour life requirement with 

99.5 percent reliability. 

which wi l l  provide a factor of safety in these calculations. 

However, there a re  other factors not considered 

The analysis was intentionally conservative, in that allowances were not 

made for an increase in  life due to the following factors: 

(a) 

(b) 

(c) 

Increased life due to lubricant, polyphenyl ether 

Increased life due to vacuum melted M-50 steel  

Increased life due to a lack of goodness of fit of 

' actual bearing failures to the Weibull distribution 

in  the high reliability range. 

The excess life from these three effects represents a very substantial factor 

of safety in the calculation. 

A s  pointed out in the Section IIB, the available bearing tes t  data (Ref. 2 )  

using polyphenyl ethers show a substantial increase in life over the catalog 

rated life. 

a r e  documented in  Table 2.. 

Ratios of actual Ll0 bearing life to catalog ratings of 8 to 11 

In recent years the fatigue life of ball bearing materials have also shown 

Some recent data obtained from SKF demonstrate significant improvemefits. 

this improvement. 

dead weight load equivalent to a 10 percent fatigue life of 10,000, (900 revolu- 

tions is summarized in Table 3.. 

Their tes t  experience on a 309 size ball bearing with a 

From Reference 3, CEVM M-50 bearings have shown Ll0 lives 1.44 

t imes those of comparable 52100 s teel  bearings. 

In addition, recently published bearing life studies (Ref. 17) have shown 

P 



Table 3 

Mater i a1 

Average air melted s teel  (52100) from 
1935 to 1955 

Average air melted s teel  in 1963 

Degassed (vacuum processed) 

Results with one specific heat 

A i r  melted 

First vacuum remelt 

Second vacuum remelt  

Third vacuum remelt 

Life Relative to  
Catalog Rating 

- 8  

1.5 

2 . 2  

2.0  

3.8 

6 . 0  

7.7 

that bearing failures i n  the high reliability range do not f i t  the commonly 

accepted Weibull Distribution. In fact, an excess life of about 1.45 t imes 

more than the theoretical Weibull Distribution life can be expected at reliab- 

ility level of 99. 5 percent. 

The expected increase in  life due to these effects is not part  of the 

American Standard Method of Evaluatir,g Load Ratings for Ball and Roller 

Bearings (Ref. 7)  and were not used in the evaluation. 

ever, appear to be r ea l  ones and should give a considerable improvement 

over calculated life in the SNAP-8 alternator bearings. 

These effects, how- 

, 

M. Bearing Mountinp and Fits 

M-1. Mounting 

The bearings can be mounted with their  contact angles diverging 

QDB) o r  converging (DF). 

axis, the resistance of the bearings to moments is greater  than if the contact 

angles converge. This usually gives a higher system critical speed, which 

If the contact angles diverge as they approach the 

. 

---I- -+ 



is desirable. 

The bearings in this application a re  jet lubricated. In order to 

attain adequate lubrication, the oil must be jetted on the bearing in the dir-  

ection of the load angle; that is, for converging load angles the jets a r e  

outboard of the bearings and for diverging angles, the jets a r e  inboard of the 

bearings. 

Since part of the pole face heat loss must be removed through the 

shaft, it is desirable to jet the oil on the shaft inboard of the bearings. 

reduces the heat path and lowers the temperatures in the vicinity of the bear- 

This 

ing. 

Preliminary life calculations also indicated that; a slightly longer 

life could be reached with the DB mount. These three factors, cri t ical  speed, 

heat removal, and life, dictated the selection of the DB mount for the alterna- 

tor.  

M-2. Selection of Fits 

Except as otherwise noted, the bearing called for in the specifica- 

tion is in accordance with the Annular Bearings Engineers Committee (ABEC) 

Class 7, for high precision bearing. 

both the f i t  between the inner ring and the shaft and the f i t  between the outer 

ring and the housing must be compatible with the running conditions and the 

accuracy of the bearing. 

In order  to insure satisfactory operation, 

The relation of the direction of the load in relation to the bearing 

ring is very important in determining the fits. 

relative to the direction of the bearing load, the load on the ring is said to 

be a "rotating load"; i f  stationary, a "stationary load. ' I  The loads on the 

SNAP-8 alternator bearings a re  classified in this way below: 

If the ring in question rotates 

a .. ._.- , 



I 
d 

Load 

Rotor Weight 

Residual Unb alanc e 

Magnetic Pull  

Type 

Rotating Inner Ring 

Stationary Inner Ring 

Rotating Inner Ring 

The rotor weight and magnetic pull forces a r e  the largest  loads. 

In order  to  prevent creep between the bearing bore and shaft a tight f i t  is 

necessary here. Axial clamping alone w i l l  not prevent creep. 

A loose f i t  between the bearing outer ring is needed to allow for  

axial expansion. The residual unbalance load which rotates relative to  the 

outer ring is not large enough to cause any appreciable creep at this point. 

The ranges of shaft and housing tolerances used in the SNAP-8 

alternator were selected on the basis of Reference 8, which goes into consid- 

erable detail on the fits required for  a variety of load conditions, 

F rom Tables 5. 1 of the same'reference a rotating inner ring load 

less than seven percent of the basic dynamic capacity calls for  a j 6  shaft 

tolerance. 

because of the long life requirement and a need t o  limit leakage between the 

bearing and the shaft, a tighter tolerance, k5 was selected for the alterna- 

tor shaft. 

F o r  very accurate applications a j5  f i t  is recommended. However, 

F o r  those applications with a fixed outer ring load in  which the 

outer r ing must be displaced axially, an H7 bearing-housing tolerance is 

recommended in Table 5 .2  of Reference 7. 

the recommended fits based on the information of Reference 7 and the actual 

room temperature and operating temperature fits used in  the alternator. 

The following table compares 

J 
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Shaft Fits 

Bearing Bore - 1.5746/1.5748 

Fit with k5 Actual Fit Calculated Fit 
Shaft Tolerance Room Temperature Operating Temp. 

+. 0001/-. 0007 -. 0001/-. 0007 . OOOO/-. 0006 

Bearing-Housing Fits 

Bearing OD - 3.1494/3.1496 

Fit with H7 
Bearing -Housing Actual Fit Calculated Fit 

Tolerance Room Temperature Operating Tern?. 

+. oooo/+. 0012 +. 0001/+. 0007 +. 0003 /+. 0009 

P 
In all cases  the actual f i t s  at room temperature and at operating 

temperature fall in the range of recommended fits. 

M-3. Finishes 

A precision finish, 32 microinches rms, is called for on the bear-  

ing housing ID. This is generally an accepted. value for' p'recision bearings 

which must slide in the housing. 

OD because of, the interference f i t .  A value of 16 microinches =ms w a s  

used. 

A better finish is required on the shaft 

N Bearing Computer Evaluation 

Since the hand computations of Section II-K indicate a bearing capacity 

very close to the estimated loads, it w a s  felt wise to  pursue a more compre- 

hensive approach to the problem. 

' 4  
p r ,  



Calculations were made using the Bearing Systems Computer Program ! 

(BEST)of Reference 15. This program offers a general solution for the elastic 
I compliances of a system of any number of ball and radial roller bearings un- 

2 i 

/ 
d e r  any steady load. Both centrifugal and gyroscopic loadings of the rolling 

elements a re  considered. The solution defines the loading and attitude of 

each rolling element in  each bearing of the system as well as the displace- 

ment of each inner ring with respect to its outer ring. Theoretical fatigue 

life is also calculated. 
! 
I 

Since the program cannot handle fluctuating loadss several  different 

1 loading conditions were calculated based on the rotor-bearing model in 

Figure 11 with a DB mount. 
I 

The system requirement on the bearings' is that they must meet a 10,000 

hour life with 99, 5 percent probabiiity of survival. In order  to meet this r e -  

quirement, it is shown in %e&tt&J2K that the bearings must have an equival- 

I 

ent Ll0 life of 97,000 hours. 

cal  Ll0 life, and if this number exceeds 97,000 hours, the bearing meets the 

system requirement, 

The computer program prints out the theoreti- 
! 

Table 5 shows the nomenclature used on the computer output sheets. 12 
The output for the cases  run is given in TkbEes .6 through 9. 

+ 

Case 1 (Table 6 represents the worst conceivable operating condition 

wherein the two magnetic pull forces reach a simultaneous maximum in 

direction and phase. Bdth bearings show individual lives in excess of 97,080 

hours. There is very little difference between this result and the cor res -  

ponding case in  Section II-J. It is noted that there is a variation in the ball 

velocity about the machine axis (N-E). This condition can cause fluctuating 

cage s t resses .  

1,  

j 
a> 

1 One way to decrease this is to increase the preload. 

j Case 2 (Table 7 ) is a repeat of Case 1 with an increased preload of 

100 lbs. This does reduce the variation in ball velocity about the axis, but 



I 13.82 in. 

I I 65# I 70# I 65# 

2.375 in. l-4 I 

w Preload 
lbs - FE2 lbs. - FE1 

Case 
lbs. 

1 65 65 70 60 

2 65 65 70  100 

3 65 0 70  60 
DB 

4 65 65 0 60 

Figure 11. Computer Calculation Model' 

i 

1 

i 

. I  

- .  

, 



i 

the individual bearing lives for this case drop below the required 97,000 hours. 

Thus a 60-lb. preload is safer.  If unusual cage pocket wear is observed, 

the preload should be increased. 

Case 3 (Table 8 represents the condition where the magnetic pull 

forces  are.out of phase by 90 degrees. 

Case 1 with no weight force (Space operation). 

adequate individual bearing lives. 

Case 4 (Table 9 ) is a repeat of 

Both these cases  show 

.. 



1. 

2. 

3 .  

4. 

5. 

6 .  

7. 

8. 

9 .  

10. 
11. 
12, 

13. 

14. 

15. 

16. 
17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25 a 

26 e 

T i t l e  

Table  5 

BEST PROGRAM PRINT OUT 

Symbol 

z 
Fr 

Fr 
M y  

Y 
M 

Spr ing  Rates (25) 

Diagonal Spr ing  Rates 

Outer Element Loads 

Inna r  Element Loads 

Element Contact  Angle 

Cen t r i fuga l  Load p e r  Element 

Gyro Torque 

Horiz.  Disp. B a l l  Center  R e l .  t o  
Curv. C t r .  

Vert .  Disp. B a l l  t e n t e r  R e l .  t o  
Curv. C t r .  

One o u t e r ,  two i n n e r  c e n t r a l  

Outer  Major P res su re  Axis  

Inne r  Major P res su re  Axis 

Outer  Minor P res su re  Axis 

fz:?er Minor P res su re  Axis 4- t o  o u t s i d e  of e l l i p s e  

4 t o  i n s i d e  of e l l i p s e  

z 

Po 

P I  

B 

CF 

G 

v1 

v2 
CTL 

A 
0 

Ai 

BO 

Bi 
e,(O.I> 
e,@. I> 

i n .  

i n .  

i n .  

r ad .  

r ad .  

l b .  

l b .  

l b  . 
i n .  -1bs. 

i n . - lb s .  

l b s . / i n .  i n - l b s , / r a d .  

l b s . / i n . ,  i n - lb s . / r ad .  

lb. 

l b  * 

deg. 

lb. 

i n .  

i n .  

i n .  

N 

i n .  

i n .  

i n ,  

i n .  

deg. 

deg. 



27.  

28. 

29. 

30. 

31. 

32.  

33.  

34.  

35 0 

36.  

3 7 .  

38.  

39 .  

40.  

41. 

42.  

43.  

44 0 

45 e 

46. 

47. 

48. 

49.  

50.  

T i t l e  

Angle of B a l l  Ro ta t iona l  Axis 

RPM of B a l l  About Own Axis 

Reta iner  Speed 

Spin Component Outer 

Spin Component Inne r  

Ro l l ing  Component Inne r  

Rol l ing  Component Outer 

Outer Def. Const. Check 

Inner  Def. Const. Check 

B a l l  Veloc i ty  

Mean Comp. S t r e s s  Outer 

Mean Comp. S t r e s s  Inner  

Outer Torque Due t o  Spin 

Inner  Torque Due t o  Spin 

Outer Ro l l ing  Torque 

Tnner Ro l l ing  Torque 

Coef. F r i c t i o n  Necessary t o  
Prevent  S l i p  

Race Depth t o  Contain,  Outer 

Race Depth t o  Contain, Inner  

T o t a l  F r i c t i o n  Torque 

L i f e  Inne r  

L i f e  Outer 

L i f e  Bearing 

L i f e  Assembly 

Table  5 

I.. 6'745 

Symbol 

a 
NB 

NE 

NSO 

NS I 

NRI  

NRO 

KO 

Ki 
SU max. 

SM 0 

SM I 

QS 0 

QS 1 

QR 0 

QR I 

MUB 

H/D-0 

H/D-I 

Uni t  - 

p s i  

p s i  

i n .  - l b s  e 

i n .  - l b s  , 

i n .  -1bs. 

i n . - lb s .  

N 
i n .  

i n .  

i n , - l b s .  

h r s ,  

h r s .  

h r s  e 

h r s .  

- 
- .CIC , 

. .  
. 
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P. Selection of Preload Spring 

A standard wave spring (Wallace Barnes Cat.No. SO) for a 208 bearing 

w a s  chosen to  apply the thrust  preload on the bearing. This type w a s  chosen 

because it requires a minimum of space and has  a low cost. Since the shape 

of these springs cannot be held with any uniformity, it is necessary to cali- 

brate each one and shim them to obtain the required preload on the bearing 

at operating temperature. 

One drawback of this washer is that it extends below the ID of the outer 

race of the bearing and may impede the lubricant flow from the bearing to 

the slinger. 

cause the bearing to  run flooded. 

design spring could be obtained which has  a la rger  ID but a comparable 

spring rate. 

Although test  results to date have not indicated it, this may 

If this should become a problem, a special 

The standard spring is made of a SAE 1074 steel. Wnen springs a r e  

subjected to high temperature under compression they often shorten or "set" 

and lose load. 

400°F. 

there  is about a five percent loss of load. 

me?;?,, ?c can be corrected by going to a higher grade material such as a 

chrome -vanadium steel. 

Use of an SAE 1074 spring s teel  is not recommended over 

But even at 300°F, the maximum temperature in the bearing area,  

Should this effect become a pro- 
1 7  
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111. ALTEENATOR CRITICAL SPEEDS 

The crit ical  speeds of a rotating shaft a r e  dependent on the dynamic 

characterist ics of the rotor itself, the bearings, and the support structure. 

To show this, consider the shaft-bearing-support system in  Figure 12  a. 

The shaft is considered to  be a flexible distributed mass and the bearing-sup- 

port s t ructure  as  springs. 

If the bearings a r e  much more stiff than the shaft, the shaft deflects in 

its lowest frequency mode as shown in  Figure 1 2  b. 

If the bearings a r e  much less  s t i f f  than the shaft, the rotor vibrates in 

its first mode as shown in  Figure 12  c,  that is, as  a rigid body on springs. 

F rom these figures we see  that a s  the stiffness of the bearing-support 

structure changes, we can expect that the mode and natural frequencies of 

the system w i l l  also change. 

support, the system has two natural frequencies which a r e  proportional to 

the square root of the spring rate. 

ness, the system vibrates as a flexible rotor on rigid supports. 

F o r  the case of a very flexible bearing and 

At  large values of bearing-support s t i f f -  

The cri t ical  speed of the rotor-bearing-support structure l ies somewhere 

between these two extremes. 

plotted against the bearing-support stiffness, a curve s imilar  to Figure 1 2  d 

is obtained. 

F o r  instance, i f  the system crit ical  speed is 

The system crit ical  approaches the s t i f f  shaft -flexible spring at low 

bearing-support stiffnesses and the flexible shaft -rigid support at high bear-  

ing-support stiffnesses. 

The ball bearing stiffness has been previously calculated in Section II-N 

and is included in Table 10  fo r  the various types of anticipated alternator 

loads. 

to 1.36 x 10 

5 

lb. /in. and is a function of both angular position and load. 

It can be seen that the stiffness varies f rom a low of 7 .95  x 10 lb. /in. 

Since 6 



t P 

Rotor ,  Bearing-Support  Model 

F igu re  12a 

F i r s t  Mode Def l ec t ion  f o r  Very S t i f f  Spr ings  

F igu re  12b 

F i r s t  Mode of  Def l ec t ion  f o r  Very S o f t  Spr ings  
F igure  12c  

! 

; t i f f  Sha f t  
PEexible Spr ings  

\ 
F l e x i b l e  S h a f t  
Rigid Supports  

/ 
C h a r a c t e r i s t i c  

Log K, Bearing-Support  S t i f f n e s s  

F igure  12d 



the magnetic pullover forces a re  a function of eccentricity and it is not 

possible to predict ahead of t ime where the point of minimum eccentricity 

wi l l  be, the variation of bearing stiffness with angular position w i l l  also be 

indeterminate. 

pull force in  the y direction. 

The stiffnesses presented in Table 10 a r e  for a magnetic 

Using the computer program described in References 18 and 19, the 

rotor cri t ical  speed was calculated a s  function of bearing stiffness, and the 

results a r e  plotted i n  Figure 13. 

through 17. 

and there is no damping. 

bearings. 

The mode shapes a r e  given in Tables 11 

The calculation assumes that the bearings a r e  rigidly mounted 

The latter assumption is quite reasonable for ball 

In Tables 11 through 17, the excess moment is tabnlated against rotational 

speed. Whenever the excess moment undergoes a change in sign, a cri t ical  

speed occurs, and its magnitude and the corresponding mode shapes a re  

listed. 

5 6 
lb. /in. to 1.36 X 10 For a variation in stiffness f rom 7. 95 x 10 lb. / in. ,  

the cri t ical  speed w i l l  vary from 22,000 rpm to 25,000 rpm. Thus, there 

is an adequate margin of safety between the operating speed of 12,000 rpm 

and the first cri t ical  speed. 



a F, l b  - W Preload aFr l b  
ay in a Z in lb . lb . FE2 FE1 

lb . 
Mount Case 

lb. 

1 65 65 70 60 7.18 x l o 5  1 .13 x 106 

2 65 65 70 100 1.45 x l o 6  1.53 x l o 6  

3 65 0 70 60 8.38 105 1.02 x 106 

4 65 65 0 60 8.50 x l o 5  1.04 x l o 6  

CALCULATED BEARING STIFFNESS 

M 

TABLE 10 
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STA NO 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

RPM 

1 0000 ,oo 
7500 00 

CRITICAL SPEED 

7936.92 

SFA NO 
i 
2 
3 
4 

6 
7 
8 
3 

1G 
111 
12 

r; " 

RPM 
' 15000,OO 
2OCO3 0 OG 
25000 .OO 
30000 00 
35000,OO 

DELTA 

0.22644785,-4 
-0.16045557, -4 
0.93883151 ,-5 

' DELTA 

-0.1 8470658, -5 

NET DEFLECTION - V 
-0 53665 
-0,53161 ' 

-0,50137 
-0.44284 
~0.27865 
60,09959 
0 -44635 
0.62957 
0,87696 
0,91962 
0.95535 
1,00000 

G,XTA 

0.96236355,4 
-0 1 077722 4 

DELTA 

-0,232676762-5 

MET DEFLECTION - \I 
PO .93644 
-0,92986 
-0 89037 
-0 8 1 39 I 
-0,5991 7 
-0.36450 
0,35144 
0,58646 
0 87223 
0,911 700 
0.95389 
1 a00000 

DELTA. . 
0,10364438 ,e2 
0.3905941 7, -2 
0 101 90623, -1 
0,21705968,-1 
0,40527936, -1 

TABLE 11 



TWOOS 
T 

RPM 

0 000 
5000 a 00 

1 0000 -00 

1 2500 00 
1 5000 0 00 

CR IT I CAL SPEED 
1021 8 a 81 

.STA NO 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

. RPM 
20000 P 00 
25000 ., 00 
22500 00 

CR IT .$ CAL SPEED 
24381,68 

STA NO 
4 
2 
3 
4 
5 
6 
7 
8 
9 

I O  
5 1  
12 

RPM 
30000 e 00 
35000 00 

DELTA . 

0,22644486, -2 
0016493811~-2 
0,83473455,4 

-6a I 60401 31 -2 
-0 0 8 I 776907, -3 

NET DEFLECTION - V 
0 a 88077 
0,8827 1 
0,89431 
0,91565 
0,96354 
0,9 8729 
1,00000 
0,98432 
0,90210 
.OD 8M69 
0 87023 

' 0,85214 

DELTA 
-0a206064Q89 -2 
0 54527237 -3 

-0,12721 540,-2 

DELTA 
-0 a 1 559779094 

NET DEFLECTDON - b' 
-0 a 9 6 899 

,a0 a 9 2 84 8 
-0 a 8602 8 
-0,657 19 
-0,40997 
0,39334 
0 6426.6 
0,89648, 
0,93280 
0.86267 

-0,96321 

1 a00000 

DELTA 
0,8464027'2, -2 
0 a2428818294 

K = 0,I x IO6 E 

TABLE 12 



TWO09 
T 

K = 1.0 x 106 r-B 
4.N 

DELTA ' RPM 

0600 
5000 00 

1 0000 0 00 
1 5000 0 00 
20000 .oo 
2 5000 00 
22500 e 00 

0.22644787 
0.2141 1130 
0.1 781 321 4 
0.121 58435 

0.49532630, -1 
-0.31054992, -1 
0.97990520, -2 

CRITICAL SPEED 

231 05 93 
DELTA 

-0 a 4 1 907653 , -4 

STA NO 
1 

NET DEFLECTION - V 
0-41 764 
0.4271 1 
0 -48363 
0.58768 
0,82141 
0 93752 
1 .ooooo 
0.92276 
0.52414 
0.44104 
0.37219 
0.251616 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

RPM 
30000 00 
35000 00 
40000 0 00 
4 5000 00 
50000 (I 00 
55OOO 00 
60000 00 
57500 .OO 

DELTA 

-001 1142831 
-0 1 81 20892 
-0,22857534 
-0,24047790 
-0,20288106 
-0. .? 01 031 09 

0,802536769 -1 
-0021 275327, -1 

CRlTlCAL SPEED 

58071 -12 
8 DELTA 

-0.69156289,-4 

STA NO 
1 

- 2  
3 
4 
5 
6 
7 
8 
9 

i o  

NET DEFLECTION - V 
0,92240 
0,92721, 
0,95548 
0.99887 
1 .ooooo 
0 72238 

-0,66964 
-0 979 8 1 
-0 85627 
-0,80212 

TABLE 13 



TMMDOOS 
T 

RPM 

0.00 
5000 00 

1 0000 OI 00 
1 5000 00 
20000 e 00 
25000 00 
30000 00 
27500 .OO 

CR I T I  CAL SPEED 

29955.20 

STA NO 
1 
2 
3 
4 
5 
6 
7 
8 
9 
IO 
1 1  
12 

RPM 
35000.00 
40000 00 
4 5000 00 
50000 ., 00 
55000 .OO 
60000 00 
6 5000 00 
7000O 00 

DELTA 

0,22644787,2 
0,21919496,2 
0.19776249,2 
0.1631276!,2 
0.1 1691376,2 
0,61382675, 1 

-0.57640076, -1 
0.31 001 892,l 

DELVA 

-0,2632141 1 ,-.3 

NET DEFLECTION - 1/ 
0,05364 

0,16090 
0.33004 
0 a 71 020 
0,89908 
1,00000 
0,871 22 
0,21001 
0.0721 8 

-0,04194 

0 a06903 

-0 a 1 8459 

DELTA 

-0065460930,l 
-0 1 29 1 7 'I 87,2 
-0-1 8703384,2 
-0,23381 798,2 
-0,26376778,2 
-0,27062691,2 
-0,247671 81,2 
-0 1 8774429 2 

TABLE 14 



TMMDOO9 
T .  

RPM 

0 .oo 
5000 .OO 

1 0000 0 00 
1 5000 00 
20000 a 00 
25000 , 00 
30000 00 
35000 00 
32500 00 

CRITICAL SPEED 
3101 5,55 

STA NO 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 ' 
12 

RPM 

40000 0 00 
4 5000 00 
50000 0 00 
55~oo000 
600OO GO 
6 5QOO 00 
60000 00 

DELTA 
0,22644766,4 

0,19975234,4 
0016741523,4 
0.12406992,.6 
Oe71636328,3 
0,12575000,3 

Oa2197050894 

-0,501 17969j3 
-O018526563,3 

DELTA 

0,28906250 

MET DEFLECT! OM - V 
4,00906 
0 , 00735 
0 , 1 0526 
0 28554 
0 69080 
0 a 89222 
1 a00000 
Oa 86225 
0,15511 
0.00770 

-0,a 1435 
-0 26692 

, 

TABLE 15 



T W O 0 9  
T '  

RBM 

0.00 
5000 . 00 
10000 a 0 0  
1 5000 00 

25000 a 00 
30000 .OO 
35000,OO 
32500 .OO 

20000 a 00 

DELTA 

O.226464QO96 

O020096O0O96 

0.12870400,6 
0,7846400005 

Oa22003200,6 

Oa17017600>6 

Oa21568000,5 
-0,39040000,5 
-0082560000,~ 

CW I T  I CAL SPEED 
31 81 5.94 

STA NO 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

RPM 

40000 00 
45000 a 00 
50000 .OO 
55000 ., 00 
60800 00 
65000000 
70000 a 00 

DELTA 
-0 .-I 2800060, 3 

NET DEFLECTION - V 
4,01588 
Oa00081 
0,10047 

0 70055 
0,28469 

0,9051 6 
1 a 0 0 0 0 0  
0,851 12 

0 ., 00085 
-0,I 1905 
-0,26893 

0 a I4574 

DELTA 

-0 100096Q0,6 
-0 I5820800,6 
-0a20902400,6 
-0a24780800j6 
-0027008000,6 

4.240640OOj6 
-0a26931200>6 

T.AP,LE 16 

K = 1000 x 106 



TMMD099 
T 

RPM DELTA 

0 .oo 
5000 n 00 

1 0000 0 00 
1 5000 00 
20000 0 00 
25000,OO 

85000 00 
@250Cl 00 

#Joooo.oo 

CR I T I CAL SPEED 
32500 ., 00 

STA NO 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 '1 
12 

RPM 

40000 00 
45060 ,OO 
50000 03 
55000 a 00 
60OOO .CO 
65000 .OO 
70000 00 

0.22544384,8 
0 22020096 8 
0.20447232,8 
0 16252928,8 
0.131 07200,8 

0,2097152097 
-0,4194304097 
-0,10485760j7 

On7340032097 

DELTA 
-0 . 1 0$8576097 

NET DEFLECTION - V 
-On01 71 2 
0 n 00008 
0,10282 
0,29261 
0.71 958 
0 92520 
1000000 
0 n 842 1 9 
0.13982 
0 , 00008 
-0,11463 
-0 25804 

DELTA 

-0,94371 84097 
-0,1677721 6,8 
-0 20971 5203 8 
-0.2516582498 
-0 272629 

TABLE 17 

K = 10000 x IO6 LE. IN 



IV. OPERATING EXPERIENCE 

A. Introduction 

The main purpose of this eval ation has  been to ascertain the suitabiliq 

of the bearing specified in AGC specification for  the loads and operating con- 

ditions existing in  the SNAP-8 alternator. 

study and no bearing life tes t s  were carr ied on. 

It has  been primarily a paper 

However, in  conducting the seal  t es t s  described in Reference 23, a tes t  

r i g  very s imilar  to the alternator in  design w a s  used. The bearing span dif- 

fered slightly, the bearings were mounted D F  rather  than DB, and there  was 

no magnetic pull force. However, heat removal f rom the shaft was simulated 

and in  all  other respects,  rotational speed, rotor weight, etc. , the tes t  r i g  

closely approximated the actual alternator. 

B. Bearing Failure 

During the f i rs t  part  of the sea l  tes t  program it w a s  not possible to ob- 

tain delivery of the ITT bearing of Figure 2. 

substitute bearings, Barden 208BX1 type, were used. 

F o r  an interim period then, 

During startup of Test  No. 5 of Reference 23, a bearing failure occurred 

on the tes t  r i g  anti-drive end. Test  No. 5 had been scheduled as a usual tes t  

but with heat input to  the rotor  for simulation of pole face losses. The s t a r t -  

up for  Test  No. 5 varied from the previous startup procedures on two counts: 

1. A more rapid acceleration to  operating speed w a s  employed. 
(See Figure 14) 

2 .  'The oil was introduced to  the bearing cavity cold. 
The reason for the change in  procedure was to more closely 
approximate what were thought to  be the final operational 
requirements . 

(See Figure 14) 





Pr io r  to  Test No. 5, approximately forty (40) hours at 12,000 rpm had 

been accumulated on the Barden 208BX1 bearings. 

that pr ior  to  Test No. 5, the entire unit was  disassembled and inspected 

visually. 

The subsequent assembly of the unit in preparation for  Test  No. 5 w a s  straight- 

forward and uneventful. 

It is significant to note 

No evidence of any malfunction was  detected during this inspection. 

During the acceleration to  full speed the bearing temperatures as well 

Figure 14 is a plot of as the oil  temperatures were monitored constantly. 

the various temperatures as recorded during the period of acceleration to 

rated speed and power shutoff. 

perature increase was  of some concern, the bearing temperature was not 

considered excessive. 

speed at which t ime a somewhat unfamiliar sound w a s  heard coincident with 

the start of rotor deceleration. At  this point power w a s  turned off and the 

unit came to  a fairly quick stop. The unit w a s  subsequently disassembled 

and inspected. 

During this t ime, although the r a t e  of tem- 

Therefore, the rotor  speed w a s  increased to  rated 

Bearing Disassembly and Inspection 

A photograph of the failed bearing is 

amination of the failed bearing was made 

Laboratory personnel and the Barden Co. 

into a number of pieces of various sizes. 

shown in  Figure 15. Careful ex- 

both by General Electric Bearing 

The bronze retainer w a s  broken 

Actual bearing seizure w a s  caused 

by the retainer pieces which became lodged under the balls, 

and smearing of the retainer material on the inner and outer ring races.  

addition, the inner ring race  material showed a combination of wear and 

plastic flow with some of the race metal swaged over the race edges. 

cause of the advanced state of the failure, it was  impossible to detect other 

characterist ics which might have contributed to  the bearing failure. 

causing skidding 

In 

Be- 

During the disassembly before Test No. 5 no evidence of plastic flow or 

The thirty-five (35)  hour test  w e a r  on any of the bearing parts' was  noted. 



Figure 15. Photograph of Failed Bearing 
A&SP Photo 1184599 



(Test No. 4)  just pr ior  to Test NO. 5 was very smooth and without any vibra- 

tion. It should be noted, however, that p r ior  to Test No. 4 and during initial 

checkout of the system, some vibrations did occur as  a result of quill whip- 

ping. The vibration problem was corrected by adding additional dampers on 

the quill. However, it is judged that the bearings were  subjected to approx- 

imately four hours of fairly heavy vibration at 9000 rpm prior  to Test No. 4. 

No high bearing temperatures were noted during the runs in which vibration 

occurred. 

unit disassembly following operation with vibration. 

Also, no evidence of bearing deterioration was ever noticed during 

Actually, it appears that the main problem involves the cause of retainer 

failure. 

there  is approximately an 18 to 1 increase in viscosity with temperature 

change from 210oF to  700F. 

a significant increase in retainer drag. 

loads of sufficient magnitude to cause failure. 

Since the ET-378 oil  has a very steep viscosity-temperature curve, 

This increase in viscosity could then result in 

This in turn could lead to  retainer 

After failure of the retainer,  the action of the balls on the race  rings 

would cause the observed swaging, smearing, and plastic flow. Once failure 

occurred, it became impossible to tell  whether the r ace  damage occurred 

before or after the cage failure. 

During startup, the rotameter flow indicator to the bearings w a s  main- 

tained at .35 gpm. 

decrease in oil  temper'ature means that for  the same scale reading actual 

flow decreases with temperature. 

The rotameters a r e  calibrated for  oil at 210' F. A 

At 1500 F, actual rotameter flow is ten 

percent below indicated flow. A t  700F ,  there  is a 30 percent decrease. 

This means that actual flow to the bearings during this startup w a s  140 lbs. / 
h r . ,  and increased as the inlet oil temperature rose. Based on previous 

tes t  results,  this ra te  of oil flow to the bearings should have been adequate. 



Conclusions 

1. The pr imary cause of failure w a s  the introduction of cold 

oil during startup. 

retainer drag which in  turn led to the retainer failure. 

The high oil viscosity led to high 

2. A contributing factor may have been the four hours of 

running with vibration due to  quill whip. Since the bearing 

was carefully inspected prior to Run No. 5, and no signs 

of r ace  damage were noted it appears unlikely that the 

vibration w a s  a cause. 

would have been noticed prior to assembly. However, 

there  is the possibility that the r ace  damage may have 

been slight and escaped detection. 

running with vibration must be retained as a possible 

contributing factor to failure. 

If it had been, some race  damage 

F o r  this reason, 

3. 2 A s  a result of this failure investigation, it is recommended 

that startup be made with hot oil, 

sufficiently high lubricant temperatures with adequate flow 

may result  in high retainer drag and subsequent bearing 

failure. 

Failure to maintain 

i: E G ~  ric ant D et e r io r at ion 

The lubricant chosen for this application, Dow ET-378 polyphenyl ether, 

was selected on the basis of its radiation resistance and thermal  and oxida- 

tive stability. 

Reference 23,  a period of approximately 6 months, the oil  darkened and then 

p:recipi"La",cc! a sugar-like substance which clung to the bearing and flow pas- 

sages of the sea l  tes t  rig. 

of clear 33'-378 and a sample containing the precipitate, 

However, during the course of the sea l  t es t s  described in 

Figure 16  shows a photograph comparing a sample 

. . .. 



Figure 16. Photographic Comparison of New and Old Oil 
A&SP Photo 1186723. 



Although the manufacturer's recommendations were followed in the se -  

lection of test rig materials compatible with the ET-378, it was nevertheless 

thought the precipitate was  caused by a chemical reaction between the oil and 

some material  in the test  rig. Later it was noted that even the oil which had 

never been removed from its original shipping containers contained this pre-  

cipitate. It was therefore concluded that the precipitate was the result of a 

t ime dependent deterioration of the oil. 

Samples of the deteriorated oil  were sent to  both Dow Chemical Co. , the 

vendor, and to AGC, the prime contractor. It is recommended that until the 

cause of this deterioration is found, that decision on the use of this oil be de- 

layed. 



V. CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

1. 

2.  

Both the hand and computer calculations indicate that the 

specified bearing has adequate load carrying capacity and 

is of high enough quality to meet the 10 ,000  hour life r e -  

quirement with 99. 5 percent probability of survival under 

the operating conditions expected for the SNAP-8 alternator. 

Computations using calculated bearing stiffness show that 

the first alternator cri t ical  speed is almost twice running 

speed. 

3. Initial tes ts  with specified lubricant, Dow ET-378, a 

polyphenyl ether, indicate a t ime dependent deterioration 

of this oil. 

until the cause of the observed deterioration is determined 

and corrected. 

Decision on the use of this oil should be delayed 

Recommendations 

1. Appropriate chemical analyses and material  tes ts  should 

be conducted on the specified lubricant, Dow ET-378, to 

determine and correct  the cause of observed deterioration 

of this oil in' initial testing. 

2 .  Since the available analytical methods for calculating 

magnetic pull forces have not been verified experimentally, 

it is suggested that these forces be measured in the SNAP-8 

alternator. Actual measurement of these forces would 

permit more accurate bearing life calculations and in 

addition provide information for  improving the analytical 

magnetic pull calculation techniques. 
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IV. SEAL DESZGN 

The design and t e s t  of t h e  dynamic ed i n  t h e  prepro to type  

a l t e r n a t o r  a r e  descr ibed  i n  t h e  fo l lowing  r e p o r t :  

"Design and Tes t  of Three S e a l  Systems f o r  t h e  SNAP-8 
A l t e r n a t o r , "  by J. M. McGrew, A. J. Orsino,  and H. N. Ketola ,  

General  E l e c t r i c  Report N o .  64GL126, da ted  8 October 1964 
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E k  

IT'TLE DESIGN AND TEST OF THREE SEAL SYSTEMS 
FOR THE SNAP-8 ALTERNATOR 

SUMMARYOver 200.hours of tes t  experience on t h r e e  types of 
non-contacting dynamic seals have shown leakage r a t e s  com- 
p a r a b l e  t o  mechanical f a c e  seals,  and demonstrated t h e  pos- 
s i b i l i t y  of extremely long s e a l  l i f e  because of t h e  absence 
of rubbing p a r t s ,  

The p l ane  s l i n g e r  w i th  screw r e t u r n  produced leakage 
r a t e s  ranging from .025 c c / h r ,  t h e  minimum d e t e c t a b l e  ra te ,  
t o  4 cc /h r  s e a l i n g  a 7.5 p s i a  polyphenyl e t h e r  t o  vacuum. 
Nominal a x i a l  c l ea rance  was 23 m i l s ,  and maximum seal temp- 
e r a t u r e  d i d  not  exceed 290°F, V a r i a t i o n s  i n  seal  a x i a l  
c l ea rance  account €or  t h e  d i f f e r e n c e s  i n  measured leakage 
r a t e s .  The r e s u l t s  i n d i c a t e  t h a t  by maintaining a x i a l  
c l ea rances  lower than 23 m i l s  leakage ra tes  approaching 
.025 cc /h r  are poss ib l e .  

The housing-disk seal ,  a more complicated s l i n g e r  
s e a l ,  ope ra t ing  under t h e  same cond i t ions ,  e x h i b i t e d  leak-  
age r a t e s  l e s s  than .025 c c / h r ,  b u t  a t  a h i g h e r  power l o s s ,  
The screw s e a l  w i th  flooded bea r ing  c a v i t y  gave h ighe r  
leakage rates,  12  c c / h r ,  b u t  h a s  the  advantage of consuming 
less  power than t h e  o t h e r  two designs t e s t e d .  

Non-Contacting S e a l s ,  Screw S e a l s ,  
S l i n g e r  S e a l s ,  S e a l s  
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I. Introduction and Summary 

The alternator for the SNAP-8:; power system, a light weight 35 kwe 

power supply, has a 10, 000 hour reliability requirement. 

high' reliability requirement, conventional rubbing contact seals, whose 

reliability is uncertain because of friction and wear, were abandoned in the 

design of the alternator in favor of non-contacting type seals. 

Because of this 

Most non-contacting seals require a small but finite leakage flow. In 

contrast, two particular types of non-contacting seals, the slinger seal and 

the screw seal, offer the possibility of contact f ree  surfaces and "zero" 

leakage. These types of seals a r e  unique in that for certain operating condi- 

tions it is possible to maintain a stable liquid-to-vapor interface on the rotat- 

ing parts and thus the only leakage is the evaporative loss from liquid-to-vapor 

interface. 

Leakage in these two types of seals is minimized primarily by the intro- 

duction of external forces on the leakage fluid; centrifugal forces in the case 

of the slinger seal and viscous shear forces in the case of the screw seal. 

Although the principles of operation of these types of seals has been known 

for many years, commercial applications have been few. 

been used in commercial mercury turbines and screw seals have found limited 

application in seals for  gas cooled reactor blowers, both applications requir- 

ing high reliability components. 

Slinger seals have 

This report covers the design and testing of three non-contacting seal 

systems for the SNAP-8 alternator. P re s su re  capability, power loss factors 

and seal leakage data a r e  given for all three systems. Over 200 hours of test 

experience on three types of non-contacting dynamic seals have shown leakage 

rates comparable t o  mechanical face seals, and demonstrated the possibility 

of extremely long seal life because of the absence of rubbing parts. 

:::Systems for Nuclear Auxiliary Power 



The plane slinger with screw return produced leakage rates  ranging 

from . 025 c c / h r ,  the minimum detectable ra te ,  to  4cc/hr  sealing a 7. 5 psia 

polyphenyl ether to  vacuum. 

mum seal temperature did not exceed 290 F. 

account for the differences in measured leakage rates. 

that by maintaining axial clearances lower than 23 mils leakage rates  approach- 

ing . 025 cc /h r  a re  possible. 

Nominal axial clearance was 23 mils ,  and maxi- 
0 Variations in seal axial clearance 

The’results indicate 

The housing-disk seal,  a more complicated slinger seal ,  operating 

under the same conditions, exhibited leakage rates  l e s s  than . 025 cc /h r ,  but 

at a higher power loss. 

leakage ra tes ,  12 c c / h r ,  but has the advantage of consuming less  power than 

the other two designs tested. 

The screw seal with flooded bearing cavity gave higher 

Simulation of electrical pole face losses  during tes t  by electric heaters 

showed that all three seal designs could remove a heat load of 150 wat ts  per 

bearing end with only an average 6 F r ise  in bearing temperature. 0 

g , ... 



11. Seal Selection and Design 

A. Operating Conditions 

The operating conditions which the bearing-seal system must meet a r e  

given in the Aerojet-General Corporation specifications AGC-10206 and 

AGC 10175 respectively (’ 5’ ‘). Those conditions pertinent to the bearing- 

s e d  design a r e  tabulated below. 

Table 1 

Summary of SNAP-8 Alternator 

Bearing- Seal Operating Conditions 

Speed 1 2 , 0 0 0  rpm 

Lubricant 

Lubricant Flow Rate 

Lubricant Inlet Pressure  

Lubricant Outlet P res su re  

Lubricant Inlet Temperature 

Lubricant Hot Spot Temp. 

Maximum Bearing Temp. 

Oversp eed/ Under spe ed 

400 lb/hr .  max 
(200 lb/hr .  per brg. ) 

33. 0 + 0. 0 psia 
- 1 . 0  

5. 0 + 0. 0 psia 
- 0 . 2 5  

2 1 0 0 F ~ ~ 0  O F  

500°F max. 

300°F 

11,800 to 13,200 rpm 

The specification further states that the rotor  will be supported by 

rolling contact type bearings, and, unless deemed impractical by the manu- 

facturer, the bearing type, size, lubrication and scavenging system shall 

. be consistent with that used on the turbine assembly of the SNAP-8 Power 

Conversion System. 

return and the housing disk seal a r e  consistent with the turbine assembly. 

The third seal type, the screw seal is not and was considered as back up 

alternative system. 

The first two seal systems, the plane slinger with screw 

The specification does not dictate a leakage ra te  for  the seals. Liquid 
- rr;i 
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lubricant accumulations in the alternator cavity as high as 2500 cc could 

probably be tolerated without adversely affecting alternator performance, 

However, as  a design goal, a liquid lubricant accumulation of 500 cc was 

assumed. Over a 10,000 hour period this limit represents amaximumleakage 

rate  of ,025 cc/hour from each of the inboard seals. Leakage from the out- 

board seals is not critical a s  the cavity outboard of the alternator drive end 

is scavenged and the anti-drive end outboard cavity is dead ended. 

B. Seal Selection 

In the SNAP-8 alternator application, the differential thermal expan- 

sion between the stator and the rotor make it very difficult to maintain close 

axial clearances. 

seals which do not depend upon close axial clearances for  their operation 

were selected for this study. 

seal  is given in appendices A and B. 

The plane disk rotating in  a housing is the simplest slinger sea l  con- 

Because of this , only those types of non-contacting dynamic 

The theory of operation of the slinger and screw 

figuration. 

clearances, this seal  configuration does not establish a stable interface be- 

tween the liquid and the vapor in the seal. Visual observations reported in 

Reference 9 show that the leakage occurs on the stationary wall .  

t h e  study of Reference 9, it was occasionally possible to maintain a stable 

interface to  speeds as high as  10,000 rpm, the onset of instability usually 

occurreci at lower speeds and once started, it was impossible to stop the 

ieakage even by decelerating to speeds as  low as 1 ,000  rpm. Because of this 
many schemes have been devised to suppress the leakage which results from 
this instability, As reported in References 9 and 12,  these schemes employ- 

ing tangs, paddles, lips, on either the stationary o r  rotating part, have been 
partially successful. They are,  however, dependent upon very close axial 

clearances in almost every case. 

However, experiments have shown that except at very close axial 

Although in  

Plane Slinger with Screw Return * -  d- i - *  

In the first configuration tested, the plane slinger with the 

screw return shown in Figure 1, the axial clearance between the rotating 
disk and stationary wa l l  w a s  maintained at the relatively large value of , 020 
to . 0 % 5  lnches and the screw return at the base of the stationary wall was 

, 



U . II (d 
M 



relied upon to return any leakage down the stationary wall to the seal interface. 

Both the plane slinger and housing disk seal configurations utilize 

The slinger seal also acts  as a centrifugal separator. a jet lubrication system. 

Since the pressure on both sides of the slinger is that of the vapor pressure  

of the saturated liquid, the slinger seals against little if  any pressure differ- 

ence. 

the liquid and to pump the liquid up to the return line pressure. 

Its main function is to form a stable interface betwegn the vapor and 

I B-2. Housing-Disk Seal 

The second type of seal tested was the housing-disk configura- 

tion shown in Figure 2. The housing-disk seal is a variation of the slinger 

seal  which not only res t r ic t s  the leakage from the interface but provides a 

method for the return of any leakage to the interface. 

slinger, the outer portion of which operates as an ordinary slinger and serves  

to scavenge the bearing cavity, 

It consists of a hollow 

Any leakage from the outboard side of this 

slinger is admitted to  the hollow cavity inside the slinger. 

out portion of this disk, called the housi'ng part, is connected to the space 

between the disk and the stationary enclosure. 

The hollowed 

The leakage from the outboard 

interface which accumulates in the rotating housing is thrown to the outside by 

the centrifugal field, and returned to the seal  through the two holes in the 

housing 

Since both walls of the housing rotate at shaft speed, there is no 

relative motion between the fluid in the housing and the housing itself. Thus 

there is no shearing action in this space and it is much easier to establish a 

stable interface. 

and the stationary wall whichhas zerovelocity at the wal l  and shaft velocity 

on the disk. 

This'is in  contrast to the fluid between the rotating disk 

The lip which projects into the housing is designed so that its outer 

most radius is below the minimum radius of the fluid interface in the housing. 

Tests k~ave shown that if the interface touches the lip, the seal will  leak. 

B-3. Screw Seal 

In the previous two seal configurations, the bearing cavity was 

scavenged in  contrast to the screw seal configuration depicted in Figure 3 
- 6- 
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where the bearing cavity runs flooded. 

tion available for predicting bearing life o r  power loss  in flooded operation. 

References 13 and 14 give some information concerning the effect of oil flow 

rate on bearing performance. 

bearing outer ring temperature for  a je t  lubricated system'and, a flooded sys- 

tem for a 75 mm bore bearing operating at 16,000 rpm with a 2000 lb. thrust 

load. 

flow the outer ring temperature was  essentially the same for both modes of 

operation. 

Unfortunately, there is little informa- 

In Reference 13 a comparison is given of 

There was  little difference in outer ring temperature and at high oil 

In Reference 14, power loss of 202, 203, and 204 bearings is 

given a s  a function of oil flow rate  for several  different speeds. A 500401d 

increase in oil flow rate, representing operation from jet to  effectively flooded 

operation, resulted in only a twofold increase in  friction loss at 30,000 rpm. 

The conclusion of this study was that bearings of the s ize  range tested could 

best be operated with c ross  feed and paddling techniques rayher than jet o r  

mist lubrication schemes. The G e c e r d  Electric Company currently operates 

fuel pumps, jet engine gear boxes, and some alternators with flooded bearings. 

Although there  is no confirming data it would appear that jet 

This lubricated bearing would have a longer life than the flooded bearing. 

is the result primarily of the lower drag on the balls and retainer of the jet 

lubricated bearing. 

seal system with a flooded bearing cavity is an overall Power system power 

loss compared to  the slinger system with a jet  lubricated bearing. 

As will be pointed out la ter ,  the advmtage of the screw 

C. Design of the Plane Slinger with Screw Return 

C- 1. Selection of Dimensions 

To ease assembly problems, the slinger diameter was  dictated 

by the outer diameter of the bearing. A slinger diameter of 3 inches was  

chosen. 

expansion between the rotor  and stator. 

The axial clearance was taken as .025 inches to allow for  differential 

The slinger Reynolds numb-er for  

ET-378 at 21g0F is then: 

5 2 
R =  &!a - - 3.21 x l  x 10 V 



where 
2 

V = .0088 in / sec  

o = 1255 r ad / sec  

a = 1. 5 in. 

The spacing ratio s / a  becomes 

- . 0 1 7  s / a  = - - .025 
1 . 5  

which, from Figure A2, puts the operation in Regime 111, that is the turbulent 

mode with merged boundary layers. If w e  were to choose a larger  clearance, 

such that s/a>. 042,operation would move to Regime IV, for this same 

Reynolds number. 

The maximum engagement ratio is given by 

X = (a - r ) / a  = . 1 2  

where r = 1. 3215 inches is the inner radius of the bearing outer race. 

The ratio of radial clearance to slinger radius was chosen as 

c / a  = .00637 which was the value used in  Reference 8. The slinger width 

was made 0.23 inches. 

C-2. Head Rise 

The pressure generating capability of the slinger is given by: 

Ap = y (Koa) 1 - (1 - X )  (-475) 
2 

2 [  

P 

how in Regime 111 the effect of cylindrical wall is minor, and for  this reason 

the v d w  of M is close to 0. 5. Therefore 

Ajp' = 1 0 . 3 p s i  

where the following conditions were assumed 

P = . 0406 lb/in3 

W = 1255 rad /sec  

x = . 1 2  

a = 1. 5 in, 

P 



C-3. Power Loss 

In Regime 111 the moment coefficient for one side of the disk is 

given by: 

. 0 3 1 1  c .  

where C is a function of X in Figure AZ.0. For  X = . 12,  s / a  = , 017, 

R = 3.21 x 10 

4 
5 and C4 = . 4 6  

C = 1 . 6 6  x m 

The moment on one side of the disk is given by equation 

2 5  
M = C m 2  -& U a  

go 

which gives M = 1. 04 in-lb. 

Multiplying the moment by the angular velocity, the power lost on one side 

of,the disk is: 

P = M U  = . 1 9 h p  

The power loss in the annulus between the slinger tip and the 

cylindrical wall  w a s  obtained by treating this flow a s  flow in a two dimensional 

duct with no side wall friction. The mean velocityinthe flow was taken as one- 

half the slinger peripheral velocity and the shear s t r e s s  on the slinger tip 

as 

A Reynolds number based on a hydraulic diameter was used to determine 

f, that is 

wh ere  

. .  



For this design, c = . 010 inches and R = 2140. 

From a smooth-pipe Moody diagram for R = 2140 

f = . 0 3 5  

P 

P 

The moment coefficient is then 

- 3  - 2 . 1  x 10  f a b  C I  = -  - 
m 8a 

and the moment is 

M’ = C I pu2a5 = 1. 32 in-lb. m 

and the power consumed 

p’ = . 24 hp 

The power lost in the bearing is from Appendix C. 

The total power loss is tabulated below. 

Table 2 

Power Loss Tabulation per  Bearing 
End, Plane Slinger with Screw Return 

Source 

Sides of 4 slingers 

Tip of 2 slingers 

One bearing 

(3) 

Power Loss 

. 7 6  h? 

. 4 8  hp 

. 1 2  hp 
1.36 hp = 1 .01  kw 

C-4. Design of Screw Return 

The purpose of the screw return is to stop the drops of fluid 

coming from the icterface due to interfacial instability and return them to 

the interface. As the screw will not normally run flooded, a simple 2 inch - 
8 threadslinch std 60 The threads were finished on 

the inside diameter to attain the required running clearance. 

0 thread form was used. 

More recent experience has shown that even though the screw 

return does not normally run flooded, a rectangular thread-form patterned 

- I 2 -  
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after the screw threads described in Appendix B is more efficient. 

seals for the prototype alternator, a rectangular thread form wil l  be used. 

On the 

C-5. Design of Inlet Oil Je t s  

Oil jet lubrication was  selected as the mean? of lubricating the 

SNAP-8 alternator bearings. The recommended method of applying the oil 

is to play three or  more je ts  of oil on the inner ring of the bearing opposite 

the load angle direction. 

test r ig  which meant the jet ring must be located outboard of the bearings. 

In order to use film cooling to remove the pole face losses in  

the alternator, it is also necessary to spray directly on the slinger. Since 

the power loss  in the slingers a r e  the largest, it is best to have equal dis- 

tribution of oil between the inboard and outboard slingers. Assuming that 

To simplify assembly a DF mount was used on the 

not all the oil sprayed on the bearing passes  through the bearing, the following 

division of oil was  made. 

Table 3 

Oil Jet  Ring Design 

/ .  

i 

Number Hole Oil Pressure  Approx. 
Location of Holes Diameter Flow Drop Jet  Veloc. 

Outboard 2 0.025 0 .020 33 psi 800 in/sec.  

Inboard 4 0.020 0. 030 33  psi 800 in/sec.  

Figures 8 and 9 a r e  calibration curves for the jet rings used 

in  the test rig. 

C-6. Design of Discharge Passage 

The flow in the chamber enclosing a slinger moves radially 

outward over the rotating slinger. 

designed to be opposite the periphery of the slinger at operating temperature. 

Although the slinger axial clearance was only 0. 025 in . ,  two 0. 070 mil slots, 

0. 62 inches long, at 180' were used. 

of the rotor with respect to the casing and still have the slinger tip beneath 

the discharge opening. 

For  this reason the discharge path was 

This was done to permit axial growth 

The maximum flow per  slinger is 0.030 lb / sec  o r  



= 8. 65 in/sec - -  Q - 
dis A 

a low value. 

D. Design of Housing-Disk Seal 

The housing-disk seal design, Figure 2, is similar to $hat of the plane 

The same disk diameter, and (s/a) ratio were used so the K value slinger. 

iremains the same. 

@ides of the slinger will remain the same. 

however, because of the larger  slinger width, b = . 33 inches. 

tip moment coefficient will  be 

Because Re and s / a  are the same, the power loss on the 

The loss over the tip wil l  increase, 

The larger  

C I  = - -  - 3 . 0 2  I O - ~  
m 8a 

and the power lost is 

P = .344hp. 

The total power loss per  bearing end is tabulated below. 

Table 4 

Housing-Disk Seal Power Loss Tabulation 
P e r  Bearing End 

Source 

Sides of 4 slingers 

Tip of 2 slingers 

One bearing 

E. Design of the Screw Seal 

Power Loss 

. 7 6  hp 

e 70 hp 

e 1 2  hp 
1 .58hp  = 1.18 kw 

E-1. Selection of Dimensions 

The seal geometry used in the design was based on that of 
- .  ~te:,e:;;:23 18, which has been optimized for maximum sealing capability in 

lim.i:-x I-GW. This was  chosen because both pressure and drag data were 

availabi2 for this design. 

a- 

The geometry is presented in Table 5 on the 

-1 4- 



Table 5 

Screw Seal Geometry 

Value 

0. 32 
Parameter P 

d, 
h h  0.082 

w/(w + w') . 62 

$ , helix angle 14. 5' 

h, clearance .0032 inches 

Inboard diameter 2.08 inches 

Outboard diameter 1.89 inches 

6 Ih 

The final seal configuration is shown in Figure 3. 

E-2. Sealing Cap ability 

The screw seal Reynolds number for a mean diameter of 2 

inches, and a shaft speed of 12 ,  000 rpm is 

From Reference 17, it  shows that for the chosen geometry the sealing 

coefficient can be expressed by 

&d = . 313 x 4. 3 x lo-' Re 044 
P U L  

which for  this Reynolds number is 

For  ET-378 oil at 210°F, the absolute viscosity is 98. 7 x lb sec/ in2 

The length of seal required . the sealed pressure from Table 1 is 33 psia. 

L = . 4 7  inches 

E-3. Power Loss 

and 

is 

The power consumption is obtained from the moment coefficient. 

Since Re 6 is l e s s  than the critical value of 1000, the power loss is given by 

the laminar flow moment coefficient . . r V.8'. 



The moment on the shaft for wetted length of .47 inches is 

= 1. 07 in-lb. pw2flL 

2g0 
M = A  

and the power is 

P = M U =  .22hp .  

The power loss in the bearing is . 1 2  hp for jet lubricated operation. 

this case the bearing operates flooded and based on the work of Reference 14, 

the bearing power is increased by a factor of three. 

loss for the screw seal system is given in Table 6. 

F o r  

A tabulation of power 

Table 6 

Screw Seal System Power Loss Tabulation 
P e r  Bearing End 

Source 

2 Screw seals  

Floo de d b ear  ing 

Power Loss 

44 hp 

* 3 6 h,P- 
. 8 0  hp = 60 kw 

It is. noted that syste-in power loss for  this design is lower than either the 

place slinger with screw return or  the housing-disk. 
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111. Description of Test R ig  

A. Introduction 

A test  r ig  was designed and built for  the purpose of conducting perform- 

ance tests on the dynamic sealing elements for the SNAP-8 Alternator. The 

facility was designed to simulate as closely a s  possible the operating condi- 

tions which will exist in a production alternator. 

Two important conditions, namely the weightlessness associated with a 

zero-gravity environment and the rotor magnetic pull forces arising from 

rotor eccentricity in the magnetic field between rotor and stator, were not 

duplicated. 

A vapor-liquid interface exists in  all three types of dynamic seals 

tested. 

seals in which such an interface exists even in a gravity environment. 

fore, it  is suspected that such effects may be amplified in a zero-gravity 

environment, and the question remains as  to whether leakage rates  measured 

i n  the laboratory on earth can be extrapolated to predict leakage ra tes  in  

space operation. 

of zero-gravity hydrodynamics, and our lack of understanding of this field 

should temper the use of seal leakage data obtained in the laboratory for 

predicting seal leakage in  .space operation. 

It is known that surface tension phenomena can affect these types of 

There- 

The answer to this question l ies  in a better understanding 

The fact that the magnetic pull forces were not duplicated had little 

Since this force constitutes a major par t  of the effect on seal operation. 

total bearing load, it did have some effect on bearing operation. However, 

as the object of the' program was to test  seals and not bearings, the lack 

of simulation of this force had little influence on the test  program. 

B. Description 

The test  r ig  consists of the following major assemblies mounted on 

a slotted base plate 

i. Rotor and Casing Assembly 

ii. Thymotrol Drive Assembly 

iii. Lube System Assembly 



Figure 4 is a drawing of the Rotor and Casing Assembly and Figure 5 

is a photograph of the entire tes t  r i g  with drive and lube system. 

1. Rotor and Casing Assembly 

This assembly is intended to simulate the actual alternator environ- 

mental conditions as closely as possible with reasonable expenditure of t ime 

and effort. The rotor is mounted on two 208 type bearings with approximately 

the same bearing span as the alternator. The rotor and end shields were 

designed such that by the use of suitable shaft sleeves a variety of sea l  designs 

could be tested. 

To reduce cost, the test  r ig  rotor was made cylindrical without the 

slots which a r e  machined in the actual alternator rotor. 

r i g  rotor weighed 90 lbs, versus 70 lbs. in the actual alternator. 

A s  a result the test  

The outer casing is equipped with an outer shroud through which 

heated oil flows. 

cool the actual alternator. 

This shroud simulates the stator cooling passages used to 

Two 250 watt calrod heating elements are provided to supply heat 

inp t  to the rotor. 

tribution in the rotor  representative of that existing in the actual a3ernator. 

Tiiz outer diameter of the rotor was coated with a black oxide finish to 

i m r e a s e  the radiant heat transfer from the heating elements to the rotor,  

This heat source is designed to give a temperature dis- 

A plastic viewing port was placed on the ADE end shield to  provide 

ob!scvzJ2tn of the ADE OB seal. 

was used -.,o seal  around the DE shaft. 

back wi-ch ~ i 1  a few psi  above ambient introduced between them. 

leakage path was either through the ADE face sea l  to the evacuated chamber 

outboard of DE sea l  or through the DE face sea l  to  ambient. 

A conventional face sea l  (Sealol Dwg, 8 330643 

Two face seals  were mounted back is 

The oil 

Four holes were drilled and tapped in the bottom of the casing to  

2rcvfclc cx-mect iom for  the four t raps  which were used to collect leakage 

? m a  ?xi: c_l' che seals. 

!e&kt;ge kclm the Sealol face seal. 

leakage wzs smal l  and this additional leakage was negligible. 

Trap Number 4 on the ADE OB sea l  also collected 

Except in the initial t es t s  the face sea l  
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Vacuum conditions were maintained in the system with mechanical 

oil-sealed rotary pumps. 

imately 5 psia with a Welch Model 1405 Pump (33.4 l i ters/min. at 10 

and the stator cavity at about 29 inches Hg vacuum with a Welch Model 1402B 

(76 l i ters/min. at 1 mm Hg). 

the practical pressure limit on this type of pump is 10  mm Hg. Although 

careful leak checks were made on the system, the lowest vacuum that could 

be maintained in the system was about 29 inches Hg. 

The sump pressure was maintained at approx- 
-3 

mm Hg) 

Although the quoted catalog capacity is lower, 
-2 

Wave springs were used to preload the bearings and also to center 

the rotor. 

cannot be certain that the rotor actually centered itself. 

was only one rub during the test  program indicating a relatively well centered 

rotor. The rotor was not perfectly centered, however. Unsymmetrical 

leakage rate data indicated slight shifting of the rotor. 

A s  no dynamic axial clearance measurements were made, it 

However, there 

2.  Thymatrol Drive Assembly 

The test  r ig  was driven with a 3500 rpm 7 - 1 / 2  H P  DC motor with 

High Performance Thymatrol" speed control. The motor drove the test 

r i g  through a pulley, belt, and spindle to give a maximum shaft speed of 

13,200 rpm. The unit is equipped with dynamic breaking as  a standard 

feature and provides constant torque throughout the speed range. 

control was excellent from 1000 rpm up to 13,200 rpm. 

I 1  

Speed 

The rotor was driven through a flexible quill shaft. This particu- 

l a r  method was chosen because it is similar to the alternator drive mechanism 

and the twist  in  the quill shaft is a measure of torque input. 

connected to the rotor and spindle with universal collets. 

The quill was 

3. Lube System Assembly 

A schematic drawing of the lubrication system is shown in Figure 6. 

The oil sump is a 7 gallon tank. 

ature control is mounted directly in the tank. 

A 2 KW oil heater with automatic temper- 

The oil is circulated with a 3 GPM gear pump. (Sundstrand Model 

BPD-052-200). Suction pressures  as  low as  3 psia were attainable without 

pump cavitation. 

L 





! 

, 

A heat exchanger (Heat - X Model WlO-316) was connected to  the 

discharge of the pump and served to remove heat f rom the oil and as further 

regulation of bearing oil  inlet temperature, 

filter was used in the line. 

A 10 micron glass element 

An adjustment w a s  provided to vary the oil sump elevation with 

respect to the bearing centerline. In addition, the entire system was  con- 

structed a s  a single unit and could be moved as  required to any location on 

the base plate. 

C. Instrumentation 

Sufficient instrumentation was  supplied in the tes t  system, to adequately 

evaluate seal  operation. Instrumentation on the Lube System Assembly is 

indicated in Figure 6,  and on the Rotor and Casing Assembly in Figure 7. 

1. Flow Measurement 

The flow to  each bearing was measured with a rotameter and 

regulated with a needle valve. 

by a glass face oil level gauge. 

The amount of oil in the sump was indicated 

2. Pressure  Measurement 

The bearing inlet oil pressure was  measured with a 0 to 60 psig 

Bourden tube gauge with an accuracy of 1/270 of full scale. A l l  other 

pressures,  bearing cavity, oil sump, bearing oil discharge pressure,  and 

casing cavity were indicated with -30 to + 30 psi  compound pressure gauges 

of 112% of full  scale accuracy. 

The pressuGe tap in the bearing cavity was  a .0625 inch hole in 

the outer diameter at the top of the cavity. 

taps were placed at the top and bottom of the bearing cavities, and little 

‘difference was  noted between the pressures  indicated from either location. 

In la ter  production units, pressure 

3 .  Temperature Measurements 

Bearing temperatures were taken with spring loaded temperature 

probes held directly against the outer race. 

equally around the outer race of each bearing. Oil inlet temperature at both 

oil jet rings and oil discharge temperature from each slinger were also 

Three probes were spaced 

.. . . . .  
: .  

I. .I .-a. 

-23 -  L t ,  
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indicated with thermocouples placed directly in the oil lines. 

erature on the inboard side of the inboard slingers were read out f rom thermo- 

couples embedded in the stationary slinger wall to within 

surface. 

A l l  thermocouples used were copper-constantan and their  output w a s  recorded 

on a Leeds and Northrup temperature recorder. A mercury in  glass thermo- 

meter showed oil sump temperature. 

4. Torque Measurement 

The wall temp- 

030 inches of the 

A thermocouple was also clamped to both casing he&ing elements. 

The torque sensing system used measured the angular deflection of 

the drive. quill shaft, 

gears, one attached to the rotor and the other attached to the spindle as 

shown in Figure 4. 

total deflection of 20° between teeth. 

which gave a reasonable deflection without exceeding the allowable shear  

s t r e s s  for the quill material. 

This was done by sensing the phase shift between two 

Eighteen teeth were machined in each gear allowing a 

The quill shaft was sized at l / 4  inch 

A magnetic pickup placed in close proximity to  each gear generated 

18 pulses per  shaft revolution. 

give the phase shift between the signals from each gear. 

turn was calibrated in te rms  of quill twist. 

Special electronic circuitry w a s  built to 

The phase shift in 

5. Speed Measurement 

The signals generated by a magnetic pickup which sensed three 

piris on the spindle pulley were counted on a Berkeley counter to  indicate 

shaft speed. 

6. Leakage Measurement 

The leakage from each seal  was collected in the traps shown in 

Figure 5. 

temperature, a lower temperature than the 2100 F minimum temperature in 

the test ~ i g ~  these containers acted as cold traps. 

Since the temperature of these containers was at essentially room 

Aitiiough a cold t rap  at lower temperature would have had a greater 

?Lmping Ciciency,  calculations showed that any additional lubricant vapor 

loss from -<he system would be negligible compared to  measured leakage rates. 



. ..* 
9 

... ... ... 

.:.:4 . . ., 

, 

The t raps  a re  made of 6.25 cm diameter plastic tube with a 

capacity of 3. 07 cc per  mm of tube height. 

measurement discernible w a s  0 .25  mm. This gave a system sensitivity of 

0.766 cc, and to detect the desired leak rate  of 0.025 c c / h r  required a test 

run of 30 hours. The system sensitivity could have been improved by using 

a smaller diameter tube, but since it took approximately 6 hours just to  

reach a stable operating condition, and longer running t imes were desirable 

from a systems standpoint, it was found that the t raps  w e r e  adequate. 

The smallest unit of height 



IV. Test Procedure 

A. Calibration Tests 

Pr ior  to the actual test  runs the necessary calibrations were completed 

on the instrumentation system. 

using ET 378 oil at 210°F. These curves a re  shown in Figures 8 and 9. 

slightly higher pressure than design was required to attain the required 

3 lb/min flow. 

The oil jet orifices were first calibrated 

A 

The torque measurement system w a s  also calibrated. The shaft was 

run with a preset displacement between the gear teeth. 

versus angular displacement is given in Figure 10. 

required to produce a given twist in the quill shaft is shown in Figure 11. 

The curves a re  almost linear and reproducibility was good. 

Meter reading 

The amount of torque 

The rotameters were also calibrated using hot oil. Some variation 

i n  oil flow with temperature was noted and this was accounted for in  the data. 

B. Normal test procedure was as  follows: 

The oil heaters were turned on and the oil preheated. 

The vacuum system was turned on and the system evacuated. 

Once the desired oil sump temperature and vacuum were 

attained, the drive was turned over slowly. 

Hot oil was admitted to the bearings and the speed was 

increased to design. 

The necessary adjustments were made to attain the 

nominal oper&ing conditions of Table 7. 

Once nominal test conditions were reached, data were 

recorded every half hour. 
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V, Test Results 

The object of the test  program w a s  to determine the sealing, drag, flow 

and pumping characteristics of each of the proposed seal systems. With this 

information it is possible to select the sea l  configuration most appropriate 

fo r  application in the preprototype alternators. 

results is presented here.  

SNAP-8 Monthly Progress  Reports, Reference 19. 

al l  of the tes ts  were conducted under the following nominal operating conditions. 

Only a summary of the tes t  

More detailed information is included in  the 

Unless otherwise stated, 

Table ? 

Nominal Test  Operating Conditions 

Sump Pressure  5 psia  

Oil Inlet Temperature 210°F 

Slinger P res su re  Rise 7 . 5  psi 

Speed 12 # ooe rpm 

Oil Flow 180 lbs. / h r  (per brg.)  

Overspeed/ Underspeed 13 ,200 /51 ,800  

Rotor Heat Input 3638 watts mw. 

\ 
- - e  -7 ?:me Slinger With Screw Return 

&. ser ies  of tes ts  (each of which w a s  assigned a tes t  nu-mber) were run 

on this zeal configuration. 

test system or calibrate instrumentation and a s  such a r e  not aescribed here.  

Many of these were designed to check out the 

A-1. Test No.4 - Long Term Leakage Test 

Test  No. 4 w a s  a 35-hour continuous test  run -to determine sea l  

. - .I _1 _ _  .. --,CS. -- - . The “as built” dimensions appear in Figure 12. The dimen- 
+, - - I. j _ u  ~ L T  -;his test  run are given in  the column labeled ASW.#2. 

Figure 13 is a summary of the flow and pressure  measurements ‘ 
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during the test .  The anti-drive end cavity pressure  could be scavenged to 

25 .9  inches of Hg Vac. and the drive end to  26 .2  inches of Hg Vac. with a 

7. 5 psi slinger pressure  r ise .  By reducing the slinger pressure r i s e  to 

about 5 psi, lower cavity pressures  were reached, 2 6 . 9  inches Hg Vac. on 

the ADE and 27.8 inches Hg Vac. on the DE. 

Although the generator cavity line pressure shows a 30+ in Hg 

Vac. in Figure 13, the actual bearing cavity pressure pr ior  to startup was  

28 in Hg Vac. 

cavities. 

Thus, the slingers were adequately scavenging the bearing 

The oil inlet pressure required to give a flow of 180 lb. /hr. 

(3 lb. / m i d  w a s  much lower than the orifice calibration curves in Figures 8 

and 9 would indicate. 

flow at a 15 ps i  pressure drop while during test  #4, 3 lb. /min. were passed 

for this same pressure drop. 

housing showed an excessive clearance between these parts.  

actual flow tes ts  in the end shield verified that this excessive clearance plils 

a differential expansion at temperature accounts for the la rger  than expected 

flow -par unit pressure drop observed. This means that although the total 

~ L G W  to each end shield was 3 lb. pe r  min. , only 1 .7  lb. per  min, actually 

The calibration curves show about a 1. 7 lb. /min. 

Measurement of the jet ring and end shield 

Calculation and 

passed through oil inlet jets to the bearing and slingers. 

Isaiied from the oil inlet r ing to the discharge ring and bypassed the b e a r k g  

The remaining iiow 

e av;t yo 

Thus all of the data taken on this test  run a r e  extremely con- 

To gain servative, in that actual flow to the bearings was below design, 

some appreciation of what effect this has on bearing-seal temperature levels, 

reference can be made to Figures 17 and 18, which a r e  plots of bearing-seal 

temperature versus total flow to the end shields. 

shows that a total flow of 472 lbs. /hr .  (. 85 gpm) the oil inlet p ressure  w a s  

25.3 psig or an approximate pressure drop across  the oil jet of 38 psi., From 

Figizres 8 and 9 this is the approximate pressure drop required to give an 

oi l  flow of 180 lb. / h r  through the jet ring. The test  condition with a total 

Reference to Figure 5 
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flow of 472 lb. /hr.  actually provides the closest approximation to the bearing 

oil flow design condition. 

The bypass leakage path was eliminated by the addition of an "0" 

ring at this point, and this problem did not exist in  future tests. 

Figures 14 and 15 give the temperature history during the leakage 

tests.  

still picked up heat and cooled the bearing seal  area. 

this run a re  typical of this seal  design. 

reduced indicated little temperature difference between the two conditions. 

Although some oil w a s  being bypassed around the jet ring, the oil 

The temperatures for 

Later tes ts  with the bypass leakage 

The fluctuations in temperatures towards the end of the test were due to 

changes in oil flow rate  to the bearings. The temperature levels were well 

within specification, the bearings at approximately 2600F  and the sea l  face 

at 295OF. 

By closing the discharge valves on the slingers, the shutoff 

pressure head could be measured. 

inches Hg or 9.5 psi giving an experimental velocity ratio of 0.48. 

value of 0. 5 in Section II-@-2, a head r i se  of 10. 3 psi was calculated. Thus 

zix shutoff condition the experiment confirms the theoretical predictions. A s  

slinger fiow is increased, the delivered head and K values drop off as would 

be ex7ected. 

scavmge the bearing cavity and return the lubricant to the sump. 

The maximum value obtained was 19.5 

For a K 

The design,however, has more than adequate capacity to 

The total leakage for each t rap is presented in  Figure 15. During 

startv? leakage rates a re  high, but after about 4 hours operation they reach 

a stexly rate and remi in  constant from then on. 

The leakage rates  fo r  the inboard slingers a r e  very low, .and fo'r 

the anti-drive end slinger (Trap 2 )  there was no measurable increase in oil 

accumulation after the first 2 hours of operation. 

leaked ai a ra te  of about 0.4 cc/hour. 

~ c a l i ~ g e  :zi;',es of 4.3 cc /h r  and 3.8 cc /hr  respectively. 

The other inboard slinger 

The DE and AD33 outboard seals had 
- -  

The data indicates that the clearance was lower on the inboard 

seals since they had the lowest leakage rates.  

since the rotor was not heated for this tes t  while the casing was hot. 

This is entirely possible 

The 
- 3 8 -  
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0 T Bearing - T I n l e t  

0 T S l i n g e r  s e a l  - T I n l e t  

T o t a l  Flow ( Ibs lh r )  

Figure 18 

.. " ... 



data also indicates that the entire rotor w a s  shifted slightly toward the DE as 

both DE seals exhibit a lower leakage rate than the ADE seals. The data 

points out the extreme sensitivity of this type of seal  to axial clearance. 

A-2. Test  No. 5 - Bearing Failure 

Test No. 5 was to have been a repeat of Test  No. 4, but with 

However, during start,up the ADE bearing failed. heat input t o  the rotor. 

After disassembly it was found that the cage had failed. 

this bearing failure is presented in Reference 20. 

An evaluation of 

A-3. Tests Nos 6 - 8. Evaluation of Shaft Heat Removal 

Test  No. 5 w a s  designed to obtain long t e r m  leakage data on the 

plane slinger with screw return seal  configuration. No heat addition to the 

rotor was attempted. Tests 6 through 8 were repeats of Test  No. 5 except 

with heat addition to the rotor in an effort to evaluate the effect of this heat 

addition on leakage rate  and bearing-seal temperature levels. The results 

of Test No. 7 a r e  presented here  a s  typical of these tes ts  with heat input to 

the rotor.  

During this test  the system was run at several  different heat inputs 

rip to a maximum of approximately 300 watts. 

determined by the maximum allowable heater wire temperature of 500 F, the 

temperature at which the lubricant begins to breakdown. 

The maximum heat input was 
0 

The summary data sheet for Test  No. 7 is shown in Figure 19  

and represents approximately 10 hours of con'cinuous operation zt rated speed 

and with various rotor heater electrical power inputs. 

fiberglass insulation was placed around the cylindrical portion of the housing 

to reduce heat radiation to the surroundings. (The variation of measured 

bearing-seal temperatures with heat input is shown in Figures 20  and 21). 

A 2 "  thick blanket of 

In general, the data indicates a r i s e  of only a few degrees in the 

maciii,ie ismperature levels with the heat addition of 300 watts. 

ii?,dic&e :hat the design can easily handle a heat load of 300 wat t s  with bearing 

t emperaa res  considerably below the 300 F specification limit. 

The results 

0 

The temperature sensitive paper and pellets used to record rotor 
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temperature were removed after the completion of Test  No. 7. 

paper indication was 4900F and the rotor heater wire temperature was 5000F. 

From this information it is concluded that the rotor temperature w a s  only 

The highest 

slightly above 490°F and somewhat below the heater wire temperature of 

500°F. These resqlts show that the heater wire temperature is a good 

approximation to rotor temperature. 

Discussion of Heat Balance - Tests Nos. 6, 7, and 8 

i 

In order to correlate the data from Tests Nos. 6, 7 and 8, and 

check the various power measurements, overall heat balance calculations 

were performed. 

Table 8 is a summary of this heat balance. These calculations 

a re  based on the average temperature r i ses  and on the assumption that the 

flow to each end divides equally between the two slingers. It can be noted 

that some discrepancy does exist in  this heat balance. 

caused by our inability to accurately estimate heat losses to the surroundings, 

The 

This was felt to be 

Table 8 presents the data for simulation of pole face losses. 

change in  temperature for the oil passing the inboard and the outboard slingers 

for the case of a 300 watt input a r e  shown. 

in heat input and change in  oil output temperature is considered very good. 

B. 

The correlation between increase 

Slinger Seal Without Screw Return 

Plane Slinger Without Screw Return 

';'he previously discussed tes ts  on the plane slinger seal  always included 

a screw return, the purpose of which is to scavenge any oil drops coming 

from the interface and return them to the seal. 

The object of this test  was to assay the value of the screw return in 

reducing the seal  leakage rate,  

"were machined away. 

Figure 22.  

screw rzzurn was about . I inch as compared to the normal , 003  to .004 inch 

Fadial clearance. 

To do this, the screw returns on the ADE 

The "AS Built" drawing of the ADE is shown in 

The DE was not changed. The radial clearance between the 

Nominal operating conditions were the same as  Table 7. 

The temperature sensitive paper installed on both the DE and ADE of 

the rotor were removed after the test  and showed that the maximum rotor -48- 
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Table 8 

Overall Heat Balance - Tests 6, 7 ,  and 8 i 

Test No. 6 Test  No. 1 Test No. 8. 

Power Input (KW) 2. 62 2 . 3 2  2. 4 6  

Heat Removed by Oil (KW) 1 . 4 9  1 . 4 9  1. 76  

Estimated Heat Loss - Other Modes (KW) 0.  60 0 . 4 4  0 .44 

Discrepancy (KW) 0.53 0 . 3 9  0. 26 

Simulated Pole Face Loss Heat Balance 
(For  3 00 Watt Input) 

AT - DE:(OF) 
i 

A T  - ( O F )  

W# /Hr 

A H  BTU/Min (Increase in heat 
removed by oil) 

Input Cheaters) BTU/Min 

Test No. 7' Test No. 8 

5 2 

4 2 

E 3 

13 15 

7 5. a 

180  88C: 

1 6 . 4  13.4 

1 6 . 2  1 6 . 2  



c 

temperature was in excess of 4: F. Since the i - ter  wire temperature was 

limited to 500 F, actual rotor t 'perature was be, 0 2n 490°F and 500°F. 

The operating data, press 'es, flows, and temperatures did not vary 

appreciably from that obtained in previous tes t s  with the screw return in 

place. 

w a s  measured as 2 . 6  kw. 

In addition, there w a s  no appreciable difference in power input which 

The accumulated leakage versus running time is shown in Figure 23. 

The leakage ra te  on the ADE w a s  about twice as  high as the worst leakage 

rate on the DE, indicating the decided advantage of including the screw return. 

In addition, with the screw return in  place, it is much easier  to  run 

the unit at low speed without gross leakage. 

leakage rate on the DE (with screw returns) was not more than 10 cc/hr ,  

but on the ADE, (without screw returns), the rate was about 300 cc/min, 

i. e. , the t rap  would f i l l  in less  than ten minutes. 

For  instance at 2000 rpm, the 

Another advantage of operating with the screw returns is that i f  there 

is a sudden loss of speed, the unit decelerates to part speed, and is sub- 

sequently brought back to speed, the seal recovers its sealing capability. 

Without screw returns, the seal  on the ADE would continue to leak at high 

rate  when brought back to speed after a slowdown. 

temporarily decrease the oil flow to ADE, and then bring the unit up to 

design speed in  order  to res tore  stable seal  operation. 

It w a s  then necessary to 

This experimental comparison between the plane slinger seal  with a 

screw return and without a screw return, shows that the screw return 

reduces the leakage ra ie  below that obtained without the screw return. 

addition, the screw return allows for easier startup procedures and in case 

of sudden loss of speed permits a restar t  without loss of seal  stability, 

Without the screw return, a reduction in speed caused sea l  breakdown, (i. e., 

gross leakage), and a return to design. speed in  some cases  did not res tore  

seal  stability. There was no measurable difference in  power loss with or 
without the screw return. 

In 
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LEAKAGE U T E  

SNAP-8 SEAL TEST 
Test No. 20 

Date: 2-14-64 
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C. Housing Disk Seal 

The housing-disk sea l  of Figure 2 is a more complicated mechanical 

design but because there is no shearing action within the housing, promises 

a more stable interface and consequently a lower leakage rate. Two tes ts  

were run; a preliminary test  at the General Electric EvendaTe Plant and a 

long time leakage tes t  on the SNAP-8 test rig. 

C - 1. Preliminary Component Testing 

Preliminary tes t s  of a 3. 5 inch housing-disk sea l  with ET-378 

were performed at the 6. E. Evendale plant. 

shown in Figure 24. 

The configuration tested is 

It wi l l  be noted that clearance between the rotating disk 

and stationary wal l  is 0.080 inch more than enough to  satisfy the SNAP-8 

requirement. The minimum radial clearance was about 0.010 inches. 

Although the Evendale test r ig  is not equipped to measure leakage 

rate,  the results indicated that this configuration could effectively suppress 

interface leakage even in vacuum operation, 

12 ,000  rpm is shown in Figure 25. 

picture a re  from a leaky flange and not from the interface. 

A picture of the interface at 

The drops of oil. at the bottom of the 

Measured K values, the ratio of fluid core  velocity to disk 

velocity, a r e  plotted in Figure 26. The Reynolds Number for this tes t  disk 

at 12,000 rpm is 

5 4.37 x 10 

a spacing ratio s /a ,  of 0.23 and an engagement ratio of about 0, 15. Refer- 

ence to Figure A-2 shows that the disk w a s  operating in  Regime IV. 

ence to Figure A23 gives a K value of 0.35 compared to a measured value 

Refer- 

of 0. 36. 

C-2. Mousing Disk Seal Tests  on SNAP-8 Alternator Test  Rig 

Based on the preliminary housing-disk sea l  tes t s  at Evendale, a 

seal  of this type was designed for checkout on the SNAP-8 alternator test rig. 
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Figure 2 5, Picture of Interface Preliminary Housing-Disk Seal 
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k drawing of this seal  is shown in Figure 2.  

stalled on the outboard side of the antidrive end, 

One seal  of this type w a s  in- 

When the se t  screws which hold the lip in place w&e tightened 

Because of this it was necessary to'5ncrease the 
*% 

down, the lip deformed. 

clearance between the lip and the shaft above that called for on the print. 

a@ual sea l  dimensions at t ime of assembly a re  given in  Figure 27. 

The 

The pressure and temperature data did not differ materially f rom 

The tes t  run w a s  cut short  after that of the plane slinger with screw return. 

33 hours of running when the plexiglass cover on the anti-drive end failed. 

The object of the test  w a s  to determine the leakage r a t e  of the housing-disk 

sea l  as  compared to the plane slinger with screw return. 

conditions were the same as Table 7. 

Nominal operating 

The temperature sensitive paper and pellets used to record 

maximum rotor temperature indicated that the maximum rotor temperature 

during this test  was 400 to  450'F. 

allowed to exceed 50CD°F, 

atures in previous tests.  

The heater wire temperature was not 

This limitation had allowed higher rotor  temper- 

Maximum heat input was 205 watts. 

In general, temperature levels at both the drive and anti-drive 

ends were comparable to the plane slinger tests.  

previous tes ts ,  there  was a slight increase in temperature level with heat 

input. 

300°F was about 140 lb/hr .  

Also, as experienced in 

The minimum oil flow at which the sea l  face temperature reached 

Total measured leakage for this test  is shown in Figure 28. A 
comparison between leakage rates  for 'chis tes t  and previous tes t s  appears in 

Section V-F. 

No. 1, and over a 33 hour period there  w a s  no measurable accumulation of 

Leakage from the housing-disk sea l  w a s  collected i n  t rap  

fluid in this trap. 

The accumulation in the remaining t raps ,  in  which the leakage 

from the plane slinger with screw return w a s  collected, showed a s imi la r  

variation with time as observed in'previous tes ts ,  There was an increase in 

leakage rate  collected in Traps Nos. 3 and 4 after 15 hours of running which 
* * T ?  -57-  L v-, 
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Figure 27. "AS Built" Dimensions of,. Screw Seal 
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occurred shortly after the heat input to the rotor was turned on. 

The test  results indicate that the housing-disk sea l  has a lower 

leakage rate than the plana slinger with screw return. 

into the generator cavity of 500 cc has been assumed as a design goal . 
is an allowable leakage rate  of 0.025 c c / h r  from each of thg$ inboard seals. 

Since the minimum increment that could be reliably measured is 0.77 cc, and 

no leakage w a s  detected in 3 3  hours, the measured leakage rate  w a s  less  

than . 025  cc /hr ,  the desired rate. 

A total yearly leakage 

This 

f' i 

D. Screw Seal Tests  

Tests  1 6  through 18, which a r e  covered in this section were for  flooded 

bearing operation employing the screw seal. 

Figure 3 is an assembly drawing of the screw seal tested €or the SNAP-8 

application. 

sleeve. 

in the fluid contained in the bearing cavity. 

prevents flow outward and away from the bearing. 

is continuously maintained to  provide cooling and lubrication. 

The screw sea l  is a threaded shaft rotating in a close clearance 

By means of the grooves on the rotating shafts pressure is generated 

The pressure thus generated 

A flow through the bearing 

Preliminary tes t s  on the ATL screw seal  test rig using ET-3'78 showed 

that the stability of the interface in the screw sea l  did not seem to be improved 

by reducing the helix angle. 

gave maximum sealing pressure generation. 

marized in Table 5. 

Figure 29, 

Therefore, a sealing thread was chosen which 

Th2 thread geometry is sum- 

The significant ''as built" dimensions a re  shown in 

Test  No. 16  w a s  a five and one-half hour test  with all seals  exposed to 

atmospheric pressure.  

which contained the screw seal. 

There was no measurable leakage from the ADE, 

Test No. 17 and Test No. 18 were conducted under vacuum conditions 

and resulted in  a total tes t  t ime of seven hours at rated speed, 

the test was to determine the leakage rate  of the screw sea l  under simulated 

operating conditions. 

in Table 7'. 

The object of 

Nominal operating conditions for  these tests were as 
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The oil w a s  fed to the bearing through four 0.0980 inch holes spaced 
equally about the circumference. 

cavity through four holes at the OD of the bearing. The direction of oil flow 

was made the same as the outer ring thrust load in order  to take advantage of 

the natural pumping action of the bearing. 

inlet line, bearing cavity, and in the discharge line. 

The pressure,  flow and heat input data a re  tabulated in Figure 30.  

The temperature data for Test No. 18 is plotted in Figures 31 and 32.  The 

temperature data is plotted versus time and covers both the DE and ADE. 

Temperatures at the drive end a re  approximately the same as  on previous 

tes ts  with heat input to the rotor. At  the anti-drive end the temperatures 

a r e  considerably lower. 

least twenty-four degrees lower at the anti-drive end on both tests.  

be recalled that the screw seal  is on the anti-drive end. 

erature level observed at the ADE is consistent with the lower torque readings 

obtained during Tests  1 7  and 18. 

From Section 11-D-3, the average power loss for four slingers with screw 

return plus two bearings is 2 . 4 6  kw. 

for  two screw seals and one bearing would be 1.00 kw. 

bearing power loss of 0 .12  kw, a direct comparison can be made between the 

plane slinger with screw return and the screw seal. This comparison shows 

that each slinger seal  with screw return has a loss of 0.56 kw while each 

screw seal  has a loss of 0 .32  kw. Since the bearing runs flooded, power 

loss has been increased by a factor of three for  the screw seal  calculation. 

At  any rate, there is considerable overall power saving by substituting a 

screw seal  for a slinger seal  despite the increase in bearing power loss. 

The pressure measurements on the anti-drive end demonstrate the 

The 

The 3. 5 

The oil was removed from the bearing 

Pressure  w a s  measured, in  the 

F o r  example, the bearing temperature was at 

It will 

The lower temp- 

Total measured power loss was 2 . 2 2  kw. 

Based on this value, the indicated loss 

Using an estimated 

pumping ability of the bearing. 

inlet pressure required to attain this flow was -21.0 inches Hg. 

inches Hg pressure drop from the inlet line to the cavity gives a cavity 

pressure on the outboard side of the bearing of -24 .5  inches. 

The oil flow was set  at 180 lb/hr.  

The bearing 
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then pumped the fluid up to -17.5 inches Hg, a pressure r i se  of 7.0 inches Hg. 

The leakage rates  for Test  No. 18 a r e  given in  Figure 33. Leakage 

ra tes  on the drive end were in  the range of leakage ra tes  measured previously. 

On the anti-drive encj, the leakage r a t e  of the inboard screw: sea l  w a s  very low. 

On the outboard side, however, the leakage rate  was excess.ive. 

Since, under atmospheric conditions, neither side showed any mea- 

surable leakage, the addition of vacuum appears to destroy the sealing capa- 

bility. 

the seal  breakdown. Therefore, the oil was degassed at 300°F for a period 

of 48 hours pr ior  to running Tests Nos. 17 and 18. 

improvement over previous checkout runs. 

It was  thought at first that entrained a i r  in the oil was contributing to  

This made no great 

The side which leaked is on the low pressure  side of the bearing. By 
throttling the discharge line, it is possible to  ra ise  the pressure level of the 

anti-drive end. 

exceeded the design value (i. e. , the oil filled the entire length of the seal)  

and gross leakage occurred. 

in  leakage rate. ' 

This was  done until the pressure drop across  the screw sea l  

Up to  that point there w a s  no discernable change 

Before further work could be done to pinpoint the cause of this leakage, 

the funds devoted to this portion of the development project w e r e  used up. 

The leakage is dependent upon the existence of vacuum, and occurs in the 

low pressure side of the bearing. Three possible causes have been suggested. 

1. Perhxps the pumping action of the bearing prevents the 

formation of a continuous body fluid within the seal. 

This would break down sealing action. 

2. Another possibility is that the oil  is cavitating. Since 

the breakdown occurs on the lower pressure side of 

the bearing, this is consistent with the cavitation 

hypothesis. 

3. Entrained gas in the oil may cause the sea l  to  break down. 
7 T- 7- 
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This cause ap-1 

pr ior  to rumlL,,~$. 

7 s  unlikely since the ~ll w a s  degassed 

The screw sea l  with flooded bearing cavity was  tested <under both 

atmospheric and vacuum conditions. Under atmospheric conditions, there 

w a s  no measurable leakage. Under vacuum conditions, leakage ra tes  were 

worse than either the plane slinger with screw return or the housing-disk seal  

:described in previous reports. 
t 

Power loss for  the screw sea l  system was lower than either the plane 

slinger with screw return or the housing-disk seal. 

cooler with this type lubrication system. 

The bearing also ran  

E. Comparison of Measured and Calculated Power Losses 

Table 9 shows a comparison between measured and calculated powers. 

The measured values have been corrected for the losses from the Sealol s ea l  

on the drive end of the test  machine. 

Table 9 

Comparison of Calculated and Measured Power 

Measured Calculated 
Power kw Power kw Configuration 

Average Plane 
Screw Return 

Average Plane 
Screw Return 

Slinger with 

Slinger without 

Average Housing-Disk seal on 
Outbd ADE 

Average Screw Seal on Inbd 
and Otbd ADE 

2.46 2.02 

2.46 2.02 

2.62 2.45 

2.22 1. 69 



The calculated values a r e  based on the calculations of Section 11. The 

I 

1 

6% 
... <lY 

entry for the housing-disk seal, for instance, is made up of the calculated 

loss for 1 housing disk, 3 slingers and 2 bearings, 

values a r e  consistently higher than the calculated values. 

ever, a r e  considered accurate enough f o r  design purposes. 

F. Summary of Leakape Data 

The measured power 

The results,  how- 

Table 10 is a summary of the leakage rates  for the three sea l  systems. 

Tests  4 through 8 were the plane slinger with screw return. 

varied from values below the sensitivity of the measurement system to 4 cc /hr .  

It is felt that par t  of this large scat ter  is a result of the sensitivity of this 

type of s ea l  to the axial clearance. The rotor  appeared to  be displaced toward 

the drive end as the ADE Inbd and DE Otbd seals  have consistently lower leak- 

age rates  except for Test  No, 4, where a leaky "0" ring complicates the 

picture. 

Leakage ra tes  

This indicates closer clearances on the two seals  with the lower 

rates .  

configuration, and by reducing the axial clearance lower rates  appear possible, 

At  any rate,  a leakage rate  of 4 c c / h r  is entirely feasible for  this 

The addition of a non-wetting coating on the seal  par ts  appears to 

improve sea l  performance, 

drive end outboard sea l  were coated with a teflon coating, Molykote Experi- 

mental Product 519X. However, 

with further testing the leakage rate  gradually increased. Examination of 

the sea l  par ts  showed that the coating did not hold up and had begun to fall 

off, If a reliable creep,free coating could be obtained, the use of a thin 

coating on the sea l  par ts  appears to reduce leakage, 

Pr ior  to Test No, 6, the sea l  par ts  of the anti- 

The leakage rate  decreased for this seal. 

The housing-disk seal, Test No. I f ,  demonstrated the lowest leakages, 

l ess  than . 025 cc /hr .  

desired rate  of . 025 cc/hr .  

and higher power loss a r e  strong arguments against its use. 

This was the only sea l  configuration which met the 

However, i ts  complicated mechanical design 

A s  pointed out in  Section V-D, the screw sea l  worked well when sealing 

against atmospheric pressure,  

however, and gave 12.35 c c / h r  leakage rate,ruling out its use in  this en- 

Under vacuum conditions it broke down, 

vironment. A s  the high-leakage occurred only on the low pressure side of - 69- 
-7 7 I !j -A 
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the bearing, it is thought t-- 

is conjecture and further w o r k  is needed on this system. 

the oil may have been cs-\?tating, This, however, 



VI. Conclusions and Recomme 2; c?ns 

A, Conclusions 

Tests  of three types of non-contacting dynamic seals have shown leakage 

ra tes  comparable to those of precision mechanical face seals. 

of these seals  is higher than comparable rubbing face seals but the absence of 

rubbing par ts  offers the possibility of extremely long l ife and high reliability. 

Over 200 hours of test  experience was  accumulated on these seals. 

Power loss 

The plane slinger with screw return produced leakage rates  varying from 

. 025 cc per hour, the minimum detectable rate, to 4 cc  per hour sealing a 

7. 5 psia polyphenyl ether to vacuum. 

and maximum seal temperature did not exceed 290°F. 

leakage rates  was due to variations in the axial clearances during and between 

tests.  

running clearance but that by maintaining axial clearances lower than 2 3  mils 

leakage rates  approaching . 025 cc per hour appear possible. 

Nominal axial clearance was 23  mils; 

The difference in 

The results indicate that this type of seal is extremely sensitive to 

The housing-disk seal, a more complicated slinger seal, operating under 

the same conditions, exhibited leakage ra tes  l e s s  than . 025 cc per hour. 

The higher power loss  of this seal design compared to  the plane slinger with 

screw return and its greater mechanical complexity make it a l e s s  desirable 

design than the plane slinger with screw return. 

The screw seal with flooded bearing cavity gave higher leakage rates, 

1 2  cc per hour but has the advantage of consuming l e s s  power than the other 

designs tested. 

it does not appear to kiave application in the SNAP-8 alternator. 

Until the leakage of this design sealing to vacuum is improved, 

Simulation of electrical pole face losses during test  by electric heaters  showed 

that all three seal designs could remove a heat load of 150 watts per bearing end 

.with only an average 6 O F  r i s e  in bearing temperature. Maximum seal tempera- 

ture  did not exceed 290°F and maximum bearing temperature did not exceed 

260'5' even with a 300 watt total heat input. 

B. Recornmendations 

1. The test results demonstrated that the slinger seal is extremely sensi- 

tive to clearance and engagement effects (amount of surface wetted). The 
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test program should be extended to study the effect of clearance ratio 

and engagement on the leakage, drag, flow, and pressure characteristics 

of slinger seals. 

2. The failure of the screw seal to seal adequately against a vacuum 

warrants additional study of screw seal operation under vacuum conditions. 

Visual studies of the fluid interface under vacuum conditions would be 

particularly helpful. 

3. 

fluid on the seal par ts  may play a role in determining seal leakage rates.  

The advantage of using non-wetting coatings on seal par ts  should be 

further investigated for both slinger and screw seals. 

Initial t es t s  indicated that the wetting characteristics of the sealed 
'' 
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LL~PENDIX A 

3EINGT 3 SEAL THEORY 

A, INTRODUCTION 

The slinger seal, shown in FigureAJ is simply a partially wetted disk 

rotating within an enclosed chamber. 

an enclosed chamber, a limiting situation of the partially wetted case, has 

been both analytically and experimentally investigated previously. 

The totally wetted disk rotating within 

The most comprehensive analysis of the totally wetted disk is that of 

Daily and Nece in Reference 8 ,  Their essential contribution was the experi- 

mental verification of the €our basic modes of flow which exist for the totally 

wetted disk rotating within an enclosed chamber. 

classified as  follows: 

These flow regimes a r e  

Regime 

I 

11: 

If1 

IV 

TABLE A1 

Description 

Laminar Flow 
Merged Boundary Layers 

Laminar Flow , 
Separate Boundary Layers 

Turbulent Flow, 
Merged Boundary Layers 

Turbulent Flow 
Separate Boundary Layers 

Daily and Nece showed that the possible existence of these modes of flow 

was dependent upon the Reynolds Number - spacing ratio combinations of the 

system. 

of the modes of flow as a. function of the Reynolds Number, R, and the spacing 

ratio, s/a. 

Figure A2, based on the work of Daily and Nece, shows the extent 

Within each flow regime there is a different functional relation- 

i 
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ship between the torque 

Number - spacing ratio 

coefficieri, pressure coefficient, and the Reynolds 

combination. a s  an example, the empirical and 

analytical expression for frictional torque coefficients for each regime are  

shown in Table A2. 

TABLE A 2  

Summary of Torque Coefficients €or 
a Totally Wetted Rotating Disk 

Regime 

I 

11: 

III 

IV 

Empiric a1 
E quation 

Theoretic al 
Equ%t ion 

E t  is important to note that the spacing ratio plays a e-mcid role in “Le 

problem. 

in the chamber and, secondly, within any particular flow regime, its value 

affects the drag and pumping characteristics s f  the disk. 

First, its absolute value determines in pari: the mode of flow with- 

For  the analysis of the partially wetted disk, it is assumed that all. four 

possible modes of Plow wil l  still exist and thtit their  existence wi l l  depend 

upon the Reynolds number - s / a  combination of the system. Within any 

particular flow regime, the operational characteristics of the disk, flow, 

. 



pressure,  and drag, wi l l  be a function of not only an s / a  but also of another 

parameter, the engagement ratio, (a-r)/a. The engagement ratio is a 

measure of the submergence of the disk i n  the fluid, 

zero means the disk is not wetted at all, while an engagement ratio 1. 0 is 

the limiting case of the totally wetted disk. 

An engagement ratio of 

8. ANALYSIS OF THE PARTIALLY WETTED DISK 

A theoretical analysis of the partially wetted disk has not been considered 

previously in the l i terature with the exception of the analysis by McCann 10 

for Regime IV. 

extended here  to cover the four possible modes of flow. An analysis of each 

mode of flow is presented, followed by a discussion of the pressure and flow 

characteristics of the partially wetted disk. 

[ I  
Since all four regimes a re  of interest, the analysis has been 

B-1. 

For this case,  a Couette laminar tangential velocity profile is assumed, 

Regime I Laminar Flow, Merged Boundary Layers 

with no radial  components, The fluid is contained in an anllular ring of 

arbi t rary inner radius R and buter radius equal to a . Note that the radius 

of the disk and the stationary wall a r e  approximately the same since the 

radial  clearance is considered very small, therefore, 

Figure A1 for  nomenclature), 

a = b (refer  to 

It w i l l  be found useful to  define a new variable which is denoted as x, 
where x = ( a - r ) / a  on the rotor o r  equivalently (b-r)/b on the stator.  F o r  

the case where r = fR, then x = ' X  and X is denoted as  the submersion 

ratio or  engagement ratio. 

Proceeding with Regime I, the effect of the cylindrical wal l  w i l l  be 

ignored since the  spacing ratios for  this flow regime are so small. 

fore it is possible to  equate the moments on the rotating and stationary 

portions; which w i l l  be equivalent due to the symmetry of the linear velocity 

distribution. 

There- 

The tangential shear  s t r e s s  on the rotating disk is given as  
du r =  &iLL €or the linear velocity t dz t S 

o r  = p  - r 



i 

i 

'-1 

I 
_ d  

distribution. Substituting this value into the moment equation for one side of 

the disk: 

27r r 2 d r .  7 - r3 d r  ( AI) M =  fa R t S 

Changing to the new variable x, 

Evaluating this equation: 

M =  a3 ( 1 - x I 3  ( - a d x 1 
S 

The expression in  brackets in Equation A3 is denoted as C3,  which is then 

a function of X, the submersion ratio. Casting Equation A3  in  t e rms  of the 
- 2 M  

P O  a 
- 

2 5  moment coefficient Cm where Cm 

o r  

I 
I 

This equation now is the general equation for  an arbi t rar i ly  wetted disk in 

te rms  of the important parameters.  For the special case where R = 8 ,  

and X = 1.0, i. e. totally wetted disk, this  reduces to the totally wetted 

case of Table A2. 

that as the disk becomes increasingly wetted (X > O), holding other variables 

constant, the moment coefficient can be expected to increase rapidly at first 

then taper off at about x = 0. 5 and approach the final value relatively slowly. 

The equation for C3 is plotted in Figure A3 which shows 
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B-2, Regime I1 Laminar Flow, 

For  this regime, it is necessary 

Separate Boundary Layers 

to make certain assumptions 

," 

n 

r e  gar  ding 

the secondary or radial flows. 

radial  flow as taking place only within the boundary layers.  

flow is radially outward on the rotating disk, axially away from this disk 

algng the cylindrical wall and then radially inward along the s)ationary end 

wall. 

The basic assumption has  been to regard all 
The pattern of 

The fluid outside of the boundary layers is assumed to rotate as a solid 

body with an angular velocity, p , which is less  than the rotational speed of 

the disk, o The ratio of p /CL) is defined as K, the velocity coefficient. 

The boundary conditions that a r e  implied in this model are: 

1. 

2. 

3.. 

Radial velocity v is zero at the surface of the disk and 

end wal l  and also at the edge of the boundary layer  since 

no radial  flow is assumed in the core, The same is t rue 

for the axial components along the cylindrical wall. 

Tangential velocity u is equal to o r at the disk surface 

at radius rs 

cal wal ls ,  and everywhere in the core  is equal to p 'P o r  K o r .  

There is no axial p ressure  gradient, therefore the pressure  

gradient within the core is imposed on the entire body of 

fluid in the casing. 

zero at the surfaces of the  end and cylindri- 

The method of solution for this case is based again on equating the 
, 

c51 moments for the rotating and the stationary parts.  

did not consider the effect of the cylindrical wall  so there  is no (s/a) t e r m  

in his equation, while Daily and Nece did consider this effect in their  analysis 

of t'he totally wetted disk. It is possible to write boundary layer momentum 

equations in a general form for both the rotating disk and the stationary wall 

as Eollows: 

Schultz-Grunoca 

-81 - 



Rotating Disk 

Radial Momentum Equation: 

6 

v2 dz ] d r  d 
,dr L P’r = -  

0 

T angent i a1 Moment um Equation: 

6 

Stationary Disk 

Radial Momentum Equation: 

p r d r  J2 dy f r dr T ~ -  Q r  * d r  dr 
0 

P Q 
2 v d y ]  d r  d 

d r  p r  
- - ..- 

o 

Tangential Momentum Equation: 

,e3 

The analysis for this flow regime wi l l  retain the flow model as  pre-  

sented in the Schultz-Grunow paper [5] . 
partially wetted disk is essentially one of utilizing the variable parameter of 

Because the problem of the 

submersion ratio, the development is s imilar  . L_. in  many respects to the totally 



wetted disk case, However, Schultz-Grunow did not allow for the consider- 

ation of the frictional moment of the cylindrical wall which shall be brought 

into this study. 
i 

h 
! 
$ 

Starting with the stationary disk, the assumed velocity profiles in the 

rqdial and tangential directions respectively are: 
v 

i >:: 
v = vo [ l - ( Z q  - l t 2 ]  

where: 

??= y / e  

With these velocity distributions it is possible to calculate these typical 
< . integral expressions which appear in the momentum equation. 

$: 
J 
0 

= 4 vo /e 
dv / dy Y = o  



, 

Substituting these expressions into the radial and tangential momentum 

equations for the stationary wall, Equations a7anda8 ,  

tion that there is no axial pressure gradient and the pressure imposed on the 

boundary layer is due to  the solid body rotation of the core, i. e. , 

it is possible to  derive the momentum equations in t e rms  of vo 

mum radial velocity at the center of the parabolic profile, 8 the boundary 

layer thickness, p the angular velocity of the fluid core and also containing 

r and v. Now, it becomes necessary to make some assumption regarding 

the growth of the boundary layer thickness, 

vo 6=  @ is made. Making the substitution and eliminating v2 the 

momentum equations reduce to, 

along with the assump- 

* = p p ' r  
d r  >k 

the maxi- 

8 , therefore the substitution 
:;< 

where the prime refers  to the first derivative with respect to y or r. 

Rewriting these equations in te rms  of the variable x = (b-r)/b 

Equations A12 and A13 become: 

Solutions a re  introduced in  the form of the following ser ies  

n 2 2 G =  x ( C o + C f  x +C2x  + . * . I ;  8 =  x p ( d o + d l x + d x  2 + 



By this method of solution the values of n and p have to be selected such 

that the exponents of x 
integers. This occurs when 

in Equations A14andA15 a re  different only by 

n = 3/4, p = S/4 

The coefficients c and d in the s e r a s  solutions a r e  then determinet 

such that the left hand sides of EquationsA14andA15are equal to zero. 

The results f o r 9  and 8 are:  

@ = x~~~ b ( p  u f'2 [3.04 - 4.64 x + 2.839 x2 - 2.855 x3 - 1.814 x4] (A171 

2 [4,385 - 5.845 x + 4.015 x - 4.46  x3 - 1.29 x4] (A18) e =  x .  114 

It is seen that the boundary layer thickness, 8 is a rather complicated 

function of x and that it s ta r t s  at zero 2t the ~ u t e r  radius i. e. I" = b; 

x = 0, and grows radially inward, 

available to evaluate the moment on the stationary end wal l  since 

It becomes possible with the information 

= p & l  = p Le. Substituting this 21-b the moment 
rt dy y=O Q 
e quation, 

Changing to .x  = (b-r)  /b and switching the integration limits9 

x 
M = 4 a p P b 4  dx 

0 

Since 8 is such a complicated function of x , this integral must be 

evaluated graphically. 

ratio can be varied yielding various values for the integral quantity and 

It should be noted that the value of X ,  the submersion 



therefore the variation of the moment with X , Values of 8 have been 

tabulated as  a function of x and the function 2 ( 1 - x) /8 is shown plotted 

in Figure A 4 .  

imation for  the value of the integral is carried out in the range 0 Ax 5 02 

is equal to by assuming that 8 = x 

1 
t 1, 

3 

The integralis asymptotic t o  the ordinate so that an approx- 

; {  
I 

'I4 3 
( 7) 112 4.385 and ( P - x )  

( 1 - 3 x), On this basis, 

= 2 ?T p @  b4 ( p  /v ) ' I2 (, 0316) .i/ 0 0 * 0 2  

Combining this result  into Equation A20 

The t e r m  in  brackets in  Equation A 2 2 i s  denoted as C ,  e Values of C for 

a given submersion ratio, X, a r e  tabulated in Table A3 Where the moment i 

on the stationary disk is established. 

I f 

i 

f 
! 

The second par t  of this problem now is tc find the msnient on the rotating 
i 

disk in t e rms  of p / d e )  o r  M. Beginning with the radial  &nd. tangential 

velocity profiles 

/ 

u = cor - ( c o - p > r  

where 



N 

0 

P 



TABLE A3 

X - 

3 2( 1 - x )  
- .0316 + Q d x  
- 

.1 

. 2  

.4 

. 6  

1.0 

, 1016 

, 1566 

,2232 

.2560 

.2746  

I 

(Equations A5and A 6  1, they become, 4 
7 
I 

I I i  
$ :iX 

%-ji The solutions of these equations for 6 , the boundary layer thickness 

on the rotating disk and vo, the maximum velocity at the center of the 

parabolic radial  velocity profile are,  



. 

2. 5 

The thickness 6 , is a constant value over the entire radius varying 

only with the value of I/ p , and a The moment on the rotating disk 

is given by 

where 
i 

3 Then, 
r 
6 

= 4 %  p ( 0 - / 3 ) -  d r  
R MRD 

1 
Switching to the new variable x = ( a - r ) / a  and changing the integration 

limits , 
-xT 

Evaluating the integral, ' 

The t e r m  in brackets has been denoted as C previously. Also the equation 3 
for  6 can be modified and included in the equation. Rewriting EquationA27, 

(2 + 3  $Y2 1/4 

6- = ( ;I2 [ !150)1/4 (A341 



Calling the t e r m  in brackets in Equation A34, C then Equation A33 becomes 2 

This completes the moment equation for the rotating disk, where C2 is a 

function which is dependent on o/p or - and C3 is dependent on the 

submersion ratio, X. 

1 
K 

Consideration must now be given to the effect of the cylindrical wall in 
S 

the problem, This wi l l  introduce the effect of spacing ratio - into the 

equations, because obviously as the ratio - a 
increasing effect. 

layer thickness on the cylindrical wal l ,  6 , 
thickness, 6 , which is only a function of K. This is an approximate 

assumption, since no attempt is made to solve the exact equations f o r  the 

cylindrical wall and match the boundary conditions at both the disk surface 

and the end wall. 

a 
S grows la rger  it wil l  have an 

In this case,  the assumption is made that the boundary 

is equal to  the rotating disk 

The velocity distribution in the tangential direction corresponds to the 
velocity on the stationary end wall at the outside radius, a. 

the tangential shear  s t r e s s ,  a 

end wall except that C3 must be replaced by 6 . - Therefore, 

Therefore, 

at the cylindrical wall is equal to a t' t a t  the 

o r  

Using this value 

wa l l  yields 

M 

2 P r  
6 

= P  t 7 

of shear  s t r e s s  in the moment equation for the cylindrical 

2 = 4 a r a s -  3 P P  = 27~ a s . T ,  
cw t 6 



i 

1 
which can be rewritten, using Equation& for 6 - 9 as  

Therefore, three equations a re  now available for the moments on aII 

three surfaces. 

par ts  (end wall and cylindrical wall) must be equal to  She moment on the 

rotating disk, 

Equations A22 and A39, 

For a steady state condition, the moments on the staiior?ary 

Combining the moment equations for the stations-y parts,  

since a = b 

L s 

Equating moments on the stationary and rotating parts 

By p’lo’i’iing both left and right hand sides of EquaDisnA44on the same graph, 

A? and with - as a function 

curves gives the value of 

S as a parameter,  the intersection of the 
P W a  which satisfies the moment equilibrium 

! 



condition. 

was  repeated for  five values of X, 0, 1, 0, 2 ,  0.4,  0, 6, and 1. 0. 

plots of this type a r e  shown in  FiguresA5 and A6  where the extremes of 

X = 0. 1 and 1 . 0  a r e  compared. The velocity ratio, K, i s  plotted as a 

function of X with s / a  as a parameter in Figure A 7 ,  

for X = 1. 0 are for  the special case of the totally wetted disk of Table 

and is plotted in Figure A8 for comparison to the theory and experimental 

data of Daily and Nece [8] e 

theory of this report is seen to be good. 

Since this wil l  also vary a s  the submersion ratio, this plotting 

Typical 

Note that the values 

The agreement between ,the data, and the 

Knowing the value of K for  all conditions of X and s / a  it is possible to 

evaluate the moment coefficient for the rotating disk. Since, 

- 2 M  - 
m p02.5  and c 

1 
The value of C, (Re) can now be found 8s a function of s / a  and X. 

These a re  shown plotted in Figures A? and AlQrespectively. 

(s/a) variation is on a logarithmic spale in Figure A9 *, it is seen that to a 

Since the 

I I 

very close approximation, Cm(Re)Z var ies  as ( ~ 1 % )  TO. Therefore, 

j 
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1 1 
values of C,(Re)Z / (s/a) TO were calculated and a polynomial in X was 

fitted by sequential least squares to f i t  the following solution. 

The polynomial in X was found to be 

2 
cxl = 

1528 -!- 6.74 X - 8.72 X + 3 . 7 5 X 3  

(A473 

This is shown plotted in  Figure All. 

This completes the theoretical analysis for the frictional torque on a 

rotating disk operating in Regime I1 with an arbitrary degree of wetting. 

resulting equation, Equation A47, is in  t e rms  of the important physical 

variables of Reynolds number, spacing ratio and submersics  ratioa Again, 

the special case for the totally wetted disk ( X  = 1.0)  is shown in Figure A12 

where CmReZ is plotted for comparison to the experimental data and theory 

of Daily and Nece [8] 

especially at the lower values of spacing ratio. 

The 

1 

The agreement with the data is quite good 

There is a special si’iuztion which occurs in seal  2ractice that deserves 

consideration at the point. 

in several forms. 

is shown schematically in Figure AB. 

situation involves rotation of the cylindrical wall also. 

since one would expect an increase in the frictional m-oinent and the velocity 

of the fluid core. 

also to this case and is reported at this point. 

Dynamic seals of the centrifugal type a r e  made 

One very important type is ‘cne rotating housing seal  which 

Note that in this ease the physical 

This is important 

For this reason, the analysis of Regime ii was extended 

The basic equations must be modified to  account for the rotation of the 

cylindrical wall. The moment equation for the cylindrical wall (Equation A381 

I 

I 
t 
I 
i 

= ‘j 
f 

t 

i 





SCHE2L4TIC OF ROTATING BOGSING SEAL 
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is first modified by replacing 6 by ( 6 ~ ,  -8  ) to account for the rotation, 
therefore, 

Summing the moments on the rotating parts 

1 
MRD + = %OT = 4  a4 ( s / a )p  W- P I  ( B  / Y > Z  c2 

Equating the moments on the stationary and rotating par ts  

Again, since a = b, this simplifies to 

This equation has been plotted graphically for various submersion ratios 

and spacing ratios in the same manner as for the previous case. The results 

fo r  X = 0 .1  and 1. 0 are shown in Figures A14a1-d A15 and the values s f  K a s  

a function of X with ( s  /a) as a parameter a r e  plotted in Figure A16. 



0.4 

0.3 

0.2 

0.1 

0 

TYPICAL MOMENT EQUTLISB.I-OM PLOTS 

ROTATING HOTEIXG, REGIME IP 

x = 0.1 

E. 2 1.3 

0.7 

. 0 - 6  ! 
1 

i x = 1. 

0.5 !- I 
ii 

0 .4  Ef r 

0.3 

0 
1.2 

1.4 1.5 1.6 

( 4 3  
Figure A14 

i u '7 1.8 

S/a 

. 3  

* 2  

.I 
" 05 

0 

1.4 1 . 6  
w//p 

1.8 2.0 



VELOCITY RATIO VERSUS ENGAGENEXT RATIO FOR 

VARIOUS SPACING RATIOS, RBTgXING 

.HOUSING, REGIME I1 

0.8 

0.6 

0,4 
0.1 0.2 0.3 0.4 0.5 0,6 0.7 

Engagement Ratio, X 

Figure A16 

0.8 0.9 

. .. - I  
.-  *..,sa.-' 



equation, Simplifying 

m C 

this 

- - 
Re ' I 2  

1 
The value of Cm (Re)Z was computed for the different values of X and 

Figure A17 shows the variation with X while Figure A18indicates that 

On this basis the value 

(s / a). 

CmReF to a close approximation varies as (s/a) 
of CmRd/2 

for a soluti'bn of the form 

1 1/5 . 
was  calculated and a sequential least  squares f i t  w a s  made 

(s 

The value of Cx was  found to  be 

2 = . 540 f 7 . 3 0 7  X - 8.891 X + 3 .  682 x3 Cx2 

This function is plotted in Figure A19 as an aid in selecting values rapidly, 

The frictional moment for either the rotatifig disk o r  the relating disk- 

housing . in  Flow Regime IT is now known for  any degree of wetting and any 

spacing ratio. 

analysis a r e  

General conclusions that a r e  drawn from this theoretical 

1) The effect of submersion ratio, on the two important paraineters 

of moment coefficient and fluid core velocity is most dra-matic in the range 

from X = 0.  1 to 0. 5. F o r  the rotating disk, a decrease in  X w i l l  result 

in  a decrease in K and C,. This is to  be expected since the reduced 

wetting w i l l  provide less frictional a rea  through which the disk can drive 

the core of fluid. 

wall  the reduction in wetting causes the fluid core  to  speed up while the 

moment coefficient is decreased. 

F o r  the case with the rotating housing, i. e. cylindrical 

Here the driving torque applied to  the 
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fluid by the rotating cylinder helps to speed up the core velocity as the 

retarding area on the stationary wall is reduced. 

result since the pressure generation for sealing is dependent on the core 

velocity, while it is desirable to have low power losses. 

This is an important 

2)  The effect of increasing the spacing ratio for  the rotating disk is 

to increase the moment coefficient and decrease the core velocity. 

not a desirable situation for sealing, so that for the rotating disk the spacing 

ratio should be as  small  as possible, while still remaining in Regime II. 
For the rotating housing, an increase in spacing ratio results in both increased 

moment coefficient and core velocity. 

that there is some trade-off point at which the maximum amount of sealing 

with a minimum power loss can be achieved. 

This is 

For  the purposes of sealing this means 

B-3. Regime I11 Turbulent Flow - Merged Boundary Layers 

This flow regime is the most difficult t o  handle for the totally wetted 

disk and this same difficulty exists for the case of the arbitrari ly wetted disk. 

The problem resolves itself into the assumptior, of a veiny simple flow model 

with no secondary (radial) velocity components. 

.For this case, the spacing ratio is assumed to have a negligYa1e effect 

( a  good assumption) so t h t  it is possible to directly equate t he  moments on 

the rotating disk and stationary wall. Et is necessary -LQ assume some 'cur- 

bulent velocity profile. 

yielded the most accurate results ( 7 - 15% high) for  the moment ccezf'ficient 

of a totally wetted disk, this same velocity profile wi l l  be used heye. Siiice 
WT 
2 

the profile is symmetrical about the midpoint, with a fluid velocity of 

at. that point, the shear s t resses  and moments on both disk and wal l  wil l  be 

equal. 

r 
Since the velocity profile assumed by SOO / 7 ]  

The shear  s t r e s s  relationship from the So0 analysis is 

1 - -  7 1 
i- = 0.03955 P (y-- W r ) . ; ? . v  4 s 4 

t (A56) 

. ,  

..,,., 



The moment equation for the disk then becomes 

Changing to the variable x this becpmes 

The integral is evaluated as 

19 I 1:- ( 1  -IC)- 4 
19 4 f  
- 

where the t e r m  in brackets is denoted as C 

vs. X. 

and is plst-ied. in Figure A20 4 
Evaluating the numerical constants, 

7 1 19 
p w . Q  Y z a T G 2  

S 1/4 
M = 0.09556 

In te rms  of the moment coefficient, Equation A59 becomes 

,0311 e ,  

S The term ( - ) appears in the equation even though the frictional effect a 
of the spacing ratio was not included in the analysis. This is similar to 

Regime I. Thus the 

explicit function of X, 

moment coefficient €or Regime 11% is now known as an 

( ) and Re. It is expected that this equation wi l l  a 
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yield results which a re  conservative (higher) for the moment coefficient. 

B-4. Regime IV Turbulent Flow - Separate Boundary Layers 

This case has been covered in detail by McCann [1O] so that only the 

The solutions of that document were y a j o r  results will be presented here. 

dependent on the model used by Schultz-Grunow, 151 

I1 development used here. 

power law profiles f rom the Schultz-Grunow analysis, 

similar to the Regime 

The velocity distributions used were the typical 

Disk 

Substitution of the velocity profiles into the momentum equations with the 

pressure use of the fluid core is the radial direction along with the following 

expressions for  shear stress in the boundary l syers  for both disk and wall 

a r e  the import ant a s  sumptions . 

These a re  given here  in  t e rms  of the stationary wall here,  for the disk 8 

is replaced by 6 and p replaced by ( o - ). 



i The solution for the stationary case is of the form 
i 
3 

X 15/4 i 

d "? 

dx (A66)  1914 1/4 7/4 ( 1 - X I  P = - 2  ?T ( .0225) p b  
sw M 

r t  
@ 

where d is a function of x. Graphical integration yields i 

115, 9/5, 2315 
c5  

- - - 2  g (. 02253 P v sw M 

where C is dependent upon the value of X .  
5 

Similar consideration for  the moment on the diskyield 

1/4 61) ~ '7/4 7/4 23/5 
= 2 g5I23 (.0225 ) p  (-1 (---b) a 

M~~ Y fi 

(. 1944) - # 222 

60 
41.058 - .241) - 0 

B - 1  I 

P 

1 
4 The expressions for  y - and Q a r e  evaluated as a function of K in  

I _' Figures A21 and A22 . ' 
The cylindrical wal l  friction is determined by assuming the shear stress 

for  turbulent pipe flow where the boundary layer thickness is equal to that at 

the periphery of the disk. 
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The moment on the cylindrical wall is then 

, 

\ 

Eguating the moments on the stationary and rotating par ts  for the rotating 

dQk yields the values of K for  different values of - and X. Figure A23 

shows the variation of K with the submersion ratio for  -J-arious values of - . 
S 

a 
S 

a 
'f 

The moment on the disk is now considered in t e rms  of the moment 

coefficient. 

1/5 
Figures A24 andA25 show the variation of Cm(Re) with submersion. 

Since Figure A22 shows thst cm@e) ratio and spacing ratio respectively. 
s 1/10 

is proportional to  ( - ) a the following solution w a s  assumed 

1 . .  ... ... .>:e 

A polynomial expression for  C was fitted to the data by a least squares X 
curve f i t ,  

2 
= . O O 6  $- . 1 6 8 X  - , 2 3 5  X + .107X3 cx3 
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v :  

... 

McCann also considered the rotating housing sea l  where the cylindrical 
115 walZ was assumed to  rotate. 

vs ,  I and Cm (Re)115 vs ( s / a )  a r e  shown in Figures A26,A27 and A28 

respectively. A solution w a s  assumed, 

The curves for E( vs. X and s/a, Cm (Re) 

and the polynomial in X was found to  be 

2 3 
= 0.149 + . 1813 X - .241 X .f , 1 0 6 X  Cx4 

This completes the theoretical analysis for Regime IV. Caution should 

be used with the equation since they do predict Cm values approximately 10% 

below the experimental data of Daily and Neee for  the case of the totally 

wetted rotating disk. 

For  review, the moment coefficient equations a re  restated here for  all 

four flow regions 

Regime 

ji 

Equation 

4 where C3 = [ 1 - (1 - X ) ] 

3 where C x1 = -. 1528 + 6.74  X - 8. '72 X2 + 3 . 7 5  x 
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TABLE A4 (continued 

Regime E quation 

Rotating Housing - C = ‘X2 “la’ e 1 / 2  ( A 5 5 )  
11 

m 
I1 

2 3 = ,540  + 7.307 X - 8.891 X + 3.  682 X x2 where C 

= ,0311 C4 / ( s / a ) ’ I4  (Re) 1 /=. 
m C III 

IV Rotating Disk C‘ = Cx3 (s/a) m 

2 3 
= -006 + . 1 6 8 X  - . 2 3 5 X  -i- .507 X x 3  where C 

, 

IV (A73 1 Rotating House C - - cx4 ( d a )  m 

3 - - .0149 +- , 1813 X - , 241  X2 + . LO6 X x 4  where C 

B-5 Pressure  Characteristics of Partially Wetted Enclosed 
Rotating Disks 

The pressure characteristic is based on the assumption that the radial 

>~ess;l ;r? gradient is equal to  that experienced for a fluid mass rotating about 

its own axis with an angular velocity equal to Ko . 



The governing equation is therefore 

F o r  Regimes I1 and IV, the value of K is known for  any given spacing 

and submersion ratio f rom Figures A7 and A23 respectively. F o r  Regimes 

1 and 111 the simple assumption made is that the average angular velocity of 

the fluid in the gap is equal to  

Therefore, the differential p ressure  from r = R to r = a is given 

as 

or ,  in otherwords,  K = . 5. 6L, - 
2 

( A 7 5 )  
A P  = p/2 K 2 2  o ( a 2 - R )  2 

Since X = - a - EquationA75 can be simplified to a 

The t e r m  in brackets is denoted as C 
reference. 

radi&l pressure  head f o r  a parkially wetted rotating disk, 

and is plotted in Figurt  A29 for 

EquationA76 is now the generalizes f o ~ m  $0- predicting the 
8 

B-6 Flow Characteristics of Rotating Disks 

The rotating disk can be considered as a small  pur-p. Within the thin 

If the boundary layer on the disk the fluid moves radially and tangentially. 

disk is not enclosed, the fluid leaving the disk at the outer radius is dis- 

sipated in  the surrounding mediu-m. 

leads to  a recirculation within the enclosing chamber. In many applications, 

such as scavenging a bearing cavity, o r  cosling a slinger seal,  it is desired 

If the disk is escioszd the Tadid flow 

. to use the rotating disk as a small  pump. 

determine the head-flow characterist ics of 

In these  cases  it 

the rotating disk. 

is ncesssary to 

i ,> 

I .  

....; , 

! 
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The quantity of fluid which is pumped radially by the disk as a result of 

centrifugal force is 

Since the solutions for flow regimes I and I11 assume no radial velocity it is 

not possible to calculate a flow capacity within the framework of the theory 

presented here. A s  a consequence, only cases  I1 and IV a re  treated. 

6a Flow Characteristics - Regime TI 

For Regime 11, the radial velocity is given by 

and the quantity of fluid pumped outward is 

Q = 2 n  vdy = 2 %  a v (2 /3 )  
0 

8 

a [ P - P / o  
where v = n  0 2 . 5  v 

f +2/3 p / @ 

The boundary layer thickness is given by 

Substituting for v in equation, we obtain 
0 



I 

and again.for 6 , the boundary layer thickness, the equation 

becomes 

i 

which is of the same form as the expression for the flow on a f ree  

disk in laminar flow; that is, the dimensionless flow, 

varies inversely as the square root of the Reynolds number. 

Q or 

6 b,  Flow Characteristic Regime IV 

For  Case IV, the McCann solution assumes that 6 = y r 315 (A823 

and v:% = Q c 0 - P 1  y ( A 8 3 )  
0 

Substituting in EquationA77 and evaluation at r = a, 

we obtain 

..._ . 



where CY and y / ( v / p )  ‘I5 a r e  presented in Figures A21 and 8 2 2 .  

The boundary layer on the disk is then 

The equation for the flow and the boundary layer thickness have the 

same form as for the f ree  disk, but the multiplicative factor is now 

a function of K which, in  turn, is a function of X and s/a. 

Both Equations ,481 a n d m a r e  expressions for the natural circulatory 

flow which wi l l  be set up by a rotating disk. If the flow removed fro-m 

the casing is much smaller  than this flow, called the crit ical  flow, 

the pressure  distribution about disk will nct be severely infiumxed, 

Daily and Arundt [ll] show that for values cf < # 81, that 3 
69a 

the pressure  and velocity distributions are little affected by through 

. flow. 

6c. Effect of Flcw on Power Loss 

The approxinmte effect of through flow on the frictional loss can be 

considered by analyzing the ra te  of change of angular momentum 

imparted to the through flow. 

expressed as a percentage of the zero throughflow case.  

Thus, the friction torque can be 

F o r  Regimes II and IV the core is assumed to be rotating as a 

solid body with angular velocity 6 when there  is no throughfiow; 



/3 / o 
considered to enter the casing without any whirl and leave with angular 

velocity KO Or.  Obviously, KO is a function of (q/a) , I  and X from the 

previous analyses in Regimes I1 and IV and is assumed to  be equal to 

, 5 in Regimes I and 111. 

for  the zero throughflow case is called KO . The fluid is 

The increase in torque is given by 

2 5  
Since the moment coefficient M =  ‘ m p u  a then 

2 0 

This increase 

For, example, 

in torque can be related t~ the original C, expressions. 

for the case of Regime 11 where 

Then Equation A88becomes 

1 1 2  2 KO (Re) 
Q 

Thus the increase in torque is not only a function of the Reynolds number, 

the spacing ratio and the submersion ratio, but it also includes the 

dimensionless flow parameter ( - Q 
o a3 
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APPENDIX B 

SCREW SEAL THEORY 

A. SCREW SEAL GEOMETRY 

The screw sea l  consists of a threaded shaft rotating in a close clearance 

sleeve. Figure B-1 gives the screw .geometry and Figure B2a shows a 

portion of a screw sea l  in  which the rotational speed of the sleeve relative 

to the shaft is U. V tends to drag the fluid in  the direction 

of the channel. The T component induces a t ransverse flow which is 

neglected in  the analysis. 

channel with only the relative volocity component 

sleeve with no pressure gradient. 

The component 

Figure B2b illustrates an element of helical 

V existing on the 

B. SCREW SEAL SEALING CAPABILITY 

It is shown in  References 17 and 18 that 

capability is given by 

where K is a function of the screw geometry E 

in  laminar f l ~ ~  the sealing 

By taking the p a r t i d  derivatives of K with respect to h /w,  

and setting the resulting equations equal to zero, values of w/h ,  

,w/(w f w ! ) ~  and (b can be found for which is a maximum. This has 

.been done in the past by many investigators and a summary of optimum 

geometry is given in  Reference 18 

6/h3(w+w')@ 

6 /ha 
1 

1 

In turbulent flow the sealing coefficient is no longer a function of 

geometry alone, but is also a function of Reynolds number, that is, 



n 
= K1 + K2 Reg A p  62 

PUL 

The values of K1 and K2, also functions of geometry, have not been optimi- 

zed for the turbulent flow case. 

laminar flow analysis a r e  also used for turbulent flow operation. 

of K1 and K2 for two geometries a re  available in  Reference 18. 

For this reason, optimizations based on 

Values 

C. SCREW SEAL POWER LOSS 

It is shown in Reference 18 that the screw seal power loss can be 

calculated by treating the loss as frictional dissipation by viscous shear in 

an annulus of clearance 6 . The effect of the grooves is neglected. In 

laminar flow this loss, expressed in  te rms  of a moment coefficient X is 

given by 

4 %  
Re 6 

A =  

and in  turbulent flow by 

A = - -  

The test results of Reference 18 indicate a critical Reynolds numbzr of 9000. 

The moment on the shaft is given by 

2 4  p w  r L  M = A  
go 
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Figure B-1 Screw Geometry 
- _ .  



Y 

a. Portion of Screw Pump Channel 

b. Couette Flow Approximation to Flow 
in Screw Pump Channel 

Figure B-2 



A P P E N D I X  C 

BEARING POWER LOSS 

Exact prediction of ball bearing power loss is not possible. Some 

empirical power loss formulas a re  available. One such is the Styri equation: 

-5 -5 $ . 5  T = 1.5  x 1 0  w (DI + D )2  No'63 + 3 . 2 4  x 10  2 

where 

w = bearing width, in. 

D2 = O . D . ,  in. 

P = equiv. load, lb. 

D1 = bore, in. 

N = rpm 

p = viscosity, cp 

Power loss versus equivalent load is shown in Figure C1 for  various lubricant 

temperatures. 

The amount of heat the oil can absorb for  various temperature rises 

and flow rates  a re  given in Figure C2. 
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NOMENCLATURE 

a = radius of disk (L) 

b = radius of wa l l  o r  width of disk (L) f 

c, d = coefficients i n  se r ies  solution - Eq. 34 

= p - - x ) 4 ~  
c3 

c4  
= [l - (1 - X I  ng/41 

2 
@8 

T-- p \! -139- 
A. J, -- 
.....A 



NO ME NC LA T URE (eo nt inue d ) 

2 = 0. &528 + 6.74 X - 8.72 X + 3 . 7 5  X3 

= 0.540 + 7.30 X - 8.891 X2 + 3 .682  X3 @x2 

3 = 0.006 + 0 . 1 6 8  X - 0 . 2 3 5  X 2  + 0 . 1 0 7 X  @ X 3  

3 = 0.0149 + 0 .1813  X - 0.241 X2 + 0. 106 X 
cX4 

2 M  

PW a 
2 5  = disk torque coefficient = m c 

f 2  b 
= cylindrical wall torque coefficient - m 8a C '  

D = diameter (E) 

pipe friction factor 

velocity ratio = 0 l o  

wetted length of seal (Lj  

frictional disk torque (L-F) 

frictional cylindrical w a l l  torque (L-F) 

pressure ( F / L ~ )  

volumetric flow rate (L3 /T) 

radius (L) 

disk Reynolds Number 

screw seal Reynolds Number 
-- 
1. jr -148- -- -1 - - 



NCNIENC LATURE (continued) 

inner radius of fluid (L) 

axial clearance between disk and end wall 

absolute tangential velocity component (L/T) 

shaft surface velocity ( L / T )  

absolute radial velocity component (L/T)  

reference radial velocity near disk ( L / T )  

::indicates reference to wall (L/T)  

axial velocity component (LIT) 

(L) 

a - r  b - 1- 
b o r  - - X a 

a - r  b - r  o r  - b = submersion ratio - a X 

Y = distance normal to w a l l  (L) 

2 = distance normal to disk (E) 

:a 

P 

6 

Y 

rl 

8 

p 

Y 

= v / (0-6) r 
= 

0 

angular velocity of fluid core ( I /T)  

disk boundary layer thickness or radial clearance (L) = 

= dimensionless distance from solid boundary 

= end wall boundary layer thickness (L) 

= absolute viscosity (F-T/L2) 

= kinematic viscosity (L2 /T )  



NO ME NC LA T URE ( c o nt i nu e d ) 

5 = cylindrical wall boundary layer thickness (L) 

P = density W / L 3  

7 = radial component of shear s t r e s s  (F /L2)  

7 = tangential component of shear  s t r e s s  (F/L ) 
r 

t 
2 

# 

= angular velocity of disk (1 /T) 0 

Subscripts 

= cylindrical wal l  

= zero through flow 

cw 

0 

= rotating disk 

= rotating portion 

= stationary wa l l  

= stationary portion 

r d  

1"O t 

s w  

s t  
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V. FITS AND C m M C E S ,  TABm 

The following tab le  l i s t s  the f i t s  and clearances for the  SNAP-8 
al ternator  S/N 481485 through S/N 481491. 
only t o  the l a t e r  prototype machines. 

are  measured values where pract ical .  

The given design values apply 

A l l  dimensions are  i n  inches and 

Page V - l  



L 

. 
I 

I I 1 ' 1  I I 1 1 1 1  

Ir 

d 

* * I  
I l l  

" I 
I 1  
'It 



3 

fJ1 
./ I  

( 1 1 1  I l l  
, 

I l l 1  I l l  

I l l 1  I l l  

cnw' O 0 O l . n  5x3 N r J m m c r ) m r r  4 0 0 d Q O 0 0 O 0 0  
O O O O Q O O O O O O  
0 0 0 0 0 0 0 0 0 0 0  

I 

i 



Report No, 2954 
Volume VI 

V I .  FIEID COIL FI” 

The following design calculation describes the f i e l d  c o i l  f i t  

f o r  the 2CM39lA1 al ternator  (P/N 094162). 
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'l'hc materials are t.tie same. t tle prototype w i t h  the Eo1 1 uwiti8 d i f  f c r  etlccirr 

( 1) 'I'tie rot or meter €a I was changed from 41 30 to 4620 I '(JI 6r ma I er i JA 1 . 
I 
1 

( 2 )  The bearings were changcd from s i n g l e  vacuum riielt to t r i p l e  vwirlJtri 1ne1 t 

steel. 

( 3 )  'l'he end shields were changed from B o l i d  I.ncoric1-X 1 ( I  \ .he p r  +:FIY.II\ 

composite. ConsLriict ion ,  

?- 
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( 1 4 )  IleKmet ic 'ferminals ' 

H 3 0 R4C , Low - CPr~ion, aeaiiilcsu e t e c l  pipe, ,  AS'I'M 
' designation A106 Grade A 

1\7A54 304 Chromium Nickel Steel P l u t e  

k350C1J189 4G20 Allay Steel  Forging 

05F7HZ Hot-rolled, heat t r e a t e d  chromium- 

B5V7M 2 Hot-rolled, heat. treated chromium- 

A 1  68.5 
t3 51.' 711.2 Hot-rolled, heat treal ed chr.ou\iiim- 

rno 1 ybdenuni 8 t e e  1 

malybdenrim steel 
Polytet r a f l u o r o e  t hy lcrie 

mol ybdenum 8 t ee 1 

Aero*jet I# T r f p l e  vacuum melt steel 
0 9 5 3 5 5  

8 3  IC20 -8 5 M-19 SLlicov SheLat S t c r l  

1\500116-57 Heavy coated rqronietic polymidc insularct i  
magnet wire (rectangular) 

c 

B50CDl17-$8 Heavy coated  aromat ic poly irmide  i n s u l a t e d  
magnet wire (round) 
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M,  INSTRUCTION MANUAL 

An i n s t r u c t i o n  manual d e s c r i b i n g  the p rep ro to type  alternator w i t h  

i n s t r u c t i o n s  p e r t i n e n t  to hand l ing  and s t o r a g e ,  i n s p e c t i o n ,  ope ra t ing ,  

maintenance, disassembly, c l ean ing  and t e s t i n g ,  are covered i n  this  

s e c t i o n .  
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Appendix B (General Electric Company Acceptance 
Test Engineering Instructions) 

These instructions do not purport to cover all details or  
variations in equipment nor to provide for every possible 
contingency to be met in connection with installation, 
operation, or  maintenance. Should further information 
be desired, or should particular problems ar i se  which 
a r e  not covered sufficiently for the purchaser 's  purposes, 
the matter should be referred to the General Electric Company, 
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GENERAL ELECTRIC COMPANY 
INSTRUCTION MANUAL 

A-C GENERATOR 2CM391Al 

INTRODUCTION 

This manual contains descriptive information and instruotionp for 
the handling, storage, preparation, installation and maintenance 
of the Model 2CM391Al A-C Generator manufactured by the 
Direct Current Motor and Generator Department, General Electric 
Company, Erie,  Pennsylvapia. 

The Model 2CM391Al A-C Generator is used as a turbine driven 
sQurce of a-c electrical power. The rating is a s  follows: 

80 KVA 
. 75 LAG to unity PF 
3 Phase 6 Wire 
223 AMPS 
1ZO/2O8 rms Volts 
400 cps 
12,000 RPM 
Oil Cooled 

Rotation - counterclockwise, when viewed from drive end. 

DESCRIPTION AND PRINCIPLES O F  OPERATION 

Definitions 

Drive End - Refers to the mounting flange end. 

Anti Drive End - Refers to the end opposite the drive end. 

Mechanical Features 

The major components for the Model 2CM391A1 a r e  - 
The Stator Wound - consists of the frxrne, stator core wound, 
field coil and leads, teyminal blocks and hermetic terminals, 
thermocouple s and mounting t runkions . 
The End Shield Assemblies each consists of a single row ball 
bearing, jet ring, inboard and outboard oil slinger and inboard and 
outboard screw seal. Also oil fittings, hermetic terminals for 
thermocouples and bearing preload spring. 

The Rotor is a solid rotor construction with an inner shaft. 

DC 

I 
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2. 3 Special Mechanical Feature s 

The generator is designed to be cooled with 1600 .Ib/hr of Row 
Corning ET-378 at 210oF maximum inlet temperature. 
bearing will be cooled and lubricated with 200 lb/hr  of ET-378 
fluid at 210°F. 
oil circuits . 

Each 

Therefore, the generator has three separate 

Drain p.orts are provided in the bottom of the generator to drain 
seal leakage oil and to provide access to the generator cavity 
for the purpose of pulling a vacuum. 
in the generator frame at either end of the stator core. 
drain is installed in the drive end end shield between the generator 
bearing and the turbine. 
end cap. 

A flexible quilI shaft is provided to reduce loads on the drive 
spline in the event of misaligrsment in order to provide the - 

longest possible spliAe life. 

Two drains a r e  installed 
One 

One drain is installed in the anti-drive 

2.4 Special Electrical Features 

The DC field coil is sandwiched between two stator cores with 
the field leads brought out through a slot in outside diameter of 
a stator; core to hermetic terminals in the frame. 

The main armature winding is a two circuit winding with equalizer 
connections to reduce magnetic forces on the bearing caused by 
eccentricity between the rotor and stators. 

The generator has been designed to operate at  low flux densities 
and low current densities to provide low losses and low winding 
temperatures. 

2. 5 Principles of Operation 

2, 5.1 

2.,5. 2 

Refer to Ei6ctrical Schematic Diagram, Dwg. 1943691, Appendix A. 

The 2CM391Al is a solid pole (4 pole) homopolar inductor generator. 
The generator is driven at 12000 RPM by being connected directly 
to a turbine which operates on a mercury vapor ramkine cycle. 

2. 5.3 When operating, the solid rotor, which has its poles displaced at 
90°, shifts the magnetid flux 90° as it passes through the stationary 

a 
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stator core and frame. 
power, magnetizes the frame. 
through the stator core. 
magnetic field and act as the armature windings, 

As the rotor turns, the magnetic flux path moves, cutting the 
electrical conductors. This changing flux causes the current to  
flow in the stator coils. 

The 400 cycle power output of the generator is controlled by the 
system voltage regulator. This is accomplished by sensing ,the 
generator output voltage and, in turn, controlling the amount of 
d-c-power induced into the field coil. 

Refer to Hydraulic Schematic Diagram, Dwg. 194EQ91, Appendix A. 

Generator cooling is accomplished by the flow of ET-378 oil. 
The maximum temperature of the oil at the generator inlet is 
99OC (210OF). The 041 is supplied to the generator at  33 psi, 
with a back pressure of 20 psi  at the generator outlet. 

The cooling oil enters the generator cooling system through the 
oil inlet tube in the frame shroud. 
through a labyrinth of slots, machined longitudinally on the 
periphery of the frame, and is discharged from the generator 
cooling system through the oil outlet tube. 

Generator bearing lubricating is accomplished by flow and 
slinger action in the bearing cavity. 
bearing lubrication and cooling. 
cation is tiLken from the cooling oil supply in parallel with the 
oil entering the generator cooling system, and is circulated 
through each bearing lubrication system. 

The drive e,nd bearing lubrication system consists of an inlet 
tube in the drive end end shield, which car r ies  the oil to a hole 
in the drive end end shield to a jet ring in the bearing cavity where 
the oil is sprayed through four small  holes to the bearing and 
through two small  holes to the inboard slinger. 
from the bearing cavity by two slinger seals. 
backed up by two screw seals running with a close clearance on the 
rotor shaft. 
same as stated above for the drive end. 

A field coil, energized with induced D-C 
The magnetizing ;flux passes 

Coils placed in the sta$or cor,e lie in the 

2. 5.4 

2. 5. 5 

2. 5. 6 

2. 5. 7 
The cooling oil then circulates 

2. 5. 8 
ET-378 oil is used for 

The oil used for bearing lubri- 

The oil is scavenged 
The slinger seals a r e  

The anti drive end bearing lubrication system is the 

-3- 
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HANDLIFG AND STORAGE 

Handling 

The generator must be handled with care. 

turbine, 

The shipping cover 
should be in place whenever the generator is nQt mated to the 8 

DO NOT USE THE SHAFT EXTENSION, TERMINALS 
TERMINAL BLOCKS, OR OIL LINES AS HANDLES OR 
SUPPORTS AT ANY TIME. THE GENERATOR SHALL 
BE PROTECTED AGAINST ANY DAMAGING CONTACTS. 

It is recommended that the generator be lifted by the eye 
bolts, transported o r  mounted on the generator oil shroud 
in a suitable v-block o r  cradle to avoid damage to any of the 
above mentioned components . 

Caution Note 

AT NO TIME MUST THE FINELY GROUND MOUNTING 
FLANGE SURFACE BE ALLOWED TO BECOME 
SCRATCHED, GOUGED, KNOCSED OUT O F  FLATNESS, 
OR OTHERWISE DAMAGED. 
DRIVERS OR OTHER SIMILAR INSTRUMENTS TO DIS- 

DO NOT USE SCREW- 

ENGAGE THE GENERATOR FROM TWE TURBINE. 

Storage 

Cover the generator with a plastic bag or similar covering to  
protect against contamination. 

Store the generator in its shipping container to protect against 
pbysical damage. 

The oil inlets and outlets shall be covered at all times to  prevent 
dust or foreign objects from entering the system. 

If required, the exterior of the generator can be wiped with a clean 
lint-free cloth, lightly moistened with trichloroethylene (Federal  

with filtered compressed air. 
Specification P-S- 661A), o r  other approved solvent, and blown dry I 

The shipping cover shalr be in place during all storage’periods. 

INSPECTION, PREPARATION AND INSTALLATION 
t 

-4- 
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Inspection 

Generators in storage for longer than two years  should be returned 
to the manufacturer for testing. 

Generators in storage fo r  less than two years  should be inspected 
as follows: 

Check generator nameplate to  determine that the generator is proper 
for  the application. 

Visually inspect the generator exterior for damage, presence of 
safety wire, etc. Carefully remove the shipping cover and inspect 
the mounting flange surface and inner shaft for damage, 
the cover. 

Remove terminal, covers and terminal hardware and inspect for 
possible damage, proper safety locking of attaching bolts, and 
clean terminal contact surfaces. 

Replace 

Measure the resistance of stator windings with a portable double 
bridge (Tool No. 906919962, Figure 3) ,  o r  equivalent. 
paragraph 9 , 2  for resistance values. 

Check for  insulation breakdown in the stator with high potential 
current limited tes ter  (Tool No, 9892115G1, Figure 3) .  Refer to 
Electrical Schematic Diagram, Dwg. 194E691. Attach test  probes, 
bring up voltage gradually, and apply voltage specified for one 
minute, There shall be no insulation breakdown. Return voltage 
to zera at completion of each test ,  and before disconnecting tes t  
probes. Refer to  paragraph 9. 2 for hi-pot values. 

WARNING 

See 

HIGH POTENTWL TESTING IS CONSIDERED HAZARD- 
OUS. 
DO NOT MAKE BQDILY CONTACT WITH TEST PROBES 
OR GENERATOR PARTS DURING TEST. 

#TO AVOID SERIOUS OR FATAL ELECTRIC SHOCK, 

Preparation 

After inspection, replace the terminal hardware and terminal 
covers. 
prevent damage to vulnerable components. 

Place the geperator in a suitable v-block o r  cradle to  

- 5- 
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4.3 

4.3,l 

4.3.-2 

4 . 3 . 3  

4. 3 . 4  

4.3. 5 

4. 3. 6 

5. 

5.1 

6. - 
6:  1 

7. 

7.1 

8: 

Ins tallation 

Clean the generator and turbine mouqting flange surfaces with a 
clean, linF-free cloth mQistened with isopropyl qlcohol, o r  
equivalent solvent, and wipe dry. 

Install the mounting flange sealing ring on the generator flange. 

With the generator supported in a v-block 011 cradle, move it 
into position to mate with the turbine. 
of the generator mounting flange must line up with the corres-  
ponding hole in the turbine. 
rotated slightly to enable the splines to engage. 

When proper mating has been achieved, install nuts. Torque tha 
nuts to the limits specified op GE drawing No. 194E691, 

Make the electrical connections in accordance with the electrical 
system instructions. When tightening the terminal stud lock nuts, 
torque to the values specified in the table of Terminal Stud Torque 
Limits, Drawisg 194E691. (DO NOT EXCEED THFSE VALUES), 
Reinstall terminal board cover gaskets and terminal board covers. 

OPERATING INSTRUCTIONS 

Since the generator operates as an integral par t  of the generating 
system, and is not operated independently from the system, refer 
to the system operating instructions. 

The dowel pin at the top 

The generator shaft may have to be 

MAINTENANCE 

Recommended maintenance for the Model 2CM391Al generator is 
limited to  replacement of the terminal covers, terminal stud 
hardware, and such cleaning and testing as can be performed 
without major disassembly of the generator. For further mainte- 
nance, repair  Qr overhaul, the generator shall be returned to  the 
manufacturer. 

DISASSEMBLY 

Aside from terminal board maintenance, there will be n9 disassembly 
of the generator. 

CLEANING 

s 
6 

7 
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8.1 Trichlor~ethylene may be used on alkmetal partg, Wipe with 
clean cloth and dry. 

9. TESTING f 

9.1 Preparation 

9.1.1 

9 . 2  

Remove $erminal board covers and terminal hardware, 

Test per General Electric Engineering Instruction 718A302WM 
as required. 

WARNING 

POSSIBLE SERIOUS OR FATAL INJURY CAN BE 
INFLECTED BY FLYING PARTS WHICH MAY 
RESULT FROM MECHANICAL FAILURE. 
PERSONNEL SHALL BE PROTECTED AGAINST 
SUCH POSSIBLE INJURY. TO CONFINE FLYING 

QUATELY SHIELDED DURING OVERSPEED BY A 
GUARD FABRICATED BY THE USER T O  SUIT THE 
TEST AREA AND THE TEST EQUIPMENT BEING 
USED. 

PARTS, THE GENERATOR SHALL BE ADE- 

' f. 
I 
I 

% 

, 
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10. 2CM391N GENERATOR CONSTANTS (CALCULATED) 

Constant 

Frequency 

Base Values 

R& 
Xa 

Xad 

Xaq 

Td'o 
R field 

R armature 
Excitation at 1 8 I , O c  
If NL 

I$ 0. 5L 0.9PF 

If 1. QL 0. 75PF 

If 2.0 PU 3 d Sb 

Units 

CPS 

Volts r m s  L-N 
Amps r m s  1 0 

- 

P. u. 
P. u. 
P. u. 
P. u. 
Sec 

Ohms at 25% 

amps 

amps 

amps 

Gene rater 

40 0 

120 v 
223 

7. 5 

10. 8 

18. 2 

19. 0 amps 

- 8- 

, 0187 at 184OC 

.0962 

1.300 

. 791 

0. 506 

1. 56 + - 0.10 
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APPENDIX A 

This appendix contains all illustrations, tables and curves referenced by 
figure numbers in the preceding portion of this data manual. 

Contents : 

Figure No. 

1 

2 

3 

Title 

1943680, 2CM391Al Alternator (Layout) 

1943691, 2CM391Al Alternator (Outline) 

Special Tools and Test Equipment 
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TOOL NO. 

90 6919962 

9 89 2115G1 

GENERAL ELECTRIC COMPANY 
INSTRUCTION MAiiUAL 

A-C GENERATOR 2CM391A-l 

DESCRIPTION 

Double Bridge, Portable, 0-22 Ohms; 

Tester , High- Potential, Current - Limited. 

FIGURE 3. SPECIAL TOOLS AND TEST EQUIPMENT 
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APPENDIX B 

*A 

Title 

*Generk~r Acceptance Test  Specification 
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AIRCRAFT GENERATOR ENGINEERING SUBSECTION 
DIRECT CURRENT MOTOR AND GENERATOR DEPARTMENT, ERIE, PA. 

<-+ 

SNAP-8 ELECTRICAL SYSTEM - GENERATOR ACCEPTANCE TEST SPECIFICATION 
MODEL NCL 2CM39lA1 

t 

1 .o SCOPE - 
1.1 GENERAL -L THIS SPECIFICATION DESCRIBES THg-ACCEPTANCE TESTS TO BE 

CONDUCTED ON EACH PRE-PROTOTYPE SNAP-8 G E  ERATOR, MODEL NUMBER 
2CM391A1 e f 

1.2 DESCRIPTION OF UNIT - THE GENERATdk TO BE TESTED HAS A NOMINAL 
CONTINUOUS RATING OF 80 KVA9 
VOLTS9 3-PHASE 6 WIRE, 223 AIS.$ERES, 400 CPS AT 12000 RPMp 
COUNTERCLOCKWiSE ROTATION FRQM PRlVE END. THIS IS AN OIL-COOLED, 

MENTS OF AERO JET GENERAL SPEC F I CAT I ON AGC-10175, 

.75 LAG TO UNITY PF, 120/208 RMS 

BRUSHLESS, HOMOPOLAR INDUCTOR ALTERNATOR, DESIGNED TO MEET REQUIRE- 
(PRCLTQ VI LL BE 

4 WIRE.) 

m 
- 0  

I- 

E 
w 
a 
3 
z W 

I .2.1 THE GENERATOR WiLL BE TESTED UTfLIZfWG AN ADAPTER WITH A 10 INCH 
MOUNTING FLANGE AND A DRIVING SPLINE. THE GENERATOR IS OIL-C,OOLED 
FOR BOTH TESTING AND APPLICATIONo 

FOR TESTING, AN EXTERNAL DC FIELD SOURCE WILL EXCITE THE GENERATOR 
FIELD WITH A DESIRED MAXIMUM CURRENT CAPACITY QF 20 AMPERES. 

I .2.2 
EX- 

CITATION VOLTAGE REQUIREMENTS SHALL NOT EXCEED 50 VOLTS DC. 

2.0 REFERENCE DATA AND APPLICABLE SPECIFICATIONS 
* 2-1 THE FOLLOWING DOCUMENTS FORM A p m r  OF THIS SPECIFICATION TO THE 

EXTENT SPECIFIED HEREIN. 

2.1.1 APPLICARLE QOCUMENTS: 
AGC-10175 AEROJET GENERAL A. c, GENERATOR SPEC I F I CAT I ON 

194E691 OUTLINE - 80 KVA INDUCTOR ALTERNATOR (2CM391AI) 
MIL-G-60WA GENERATORS AND REGULATORS, AIR-COOLED, AC GENERAL 

SPEC I F 1 CAT I ON, DATED 4/15/58 
AlEE #503 TEST CODE FOR SYNCHRONOUS MACHINES 
MIL-G-70228A (CE) GENERATOR SETS, ENGINE DRIVEN, METHODS OF TEST9 

DATED 1/8/58. 

REVIEWED BY C-F, p u  

REVIEWED BY LITY CONTROL ENGINEER 
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DIRECT CURRENT MOTOR AND GENERATOR DEPARTMENT, ERIE, PA. 

3.0 TEST EQU 1 PMENT 
3.1 F A C I L I T I E S  
3.1.1 PRIME MOVER .. THE PRIME MOVER FOR OPERATIN$ TEST UNITS SHALL 

PROVIDE INPUT POWER FOR RATED.OUTPUT AT ESD LOAD AT 12000 RPM 
CONTINUOUS'AND 13200 RPM FOR FIVE MINUTE$a 
ELECTRICAL LOADS p. LOAD BANKS SHALL BE CAPABLE OF PROVIDING 
RESISTIVE AND REACTIVE, RALANCfD AND UNBALANChD LOADS AS RE- 

3.1 -2 

QUIRED BY INDIVIDUAL TESTSa 
4 A 

3..1 .3 BEARING AND SEAL LUBRrCATrON - 3.1.3.1 LUBRICATION REQUIREMENTS: 

(A) ET-378 O I L  

(6) 
(c) F ~ L T E R  - 5 M I C R O N  N O M I N A L  AT INLET AND OUTLET 

FLOW - .69O -,710 GPM (TOTAL); .345 -,355 GPM (EACH B E A R I N G )  

(D) 
(E) 

TEMPERATURE - 210 +o,o OR MINUS 10.0 Xfi AT 
PRESSURE - 33.0 PLUS 0.0 OR MI NUS 1 .o PSIA AT INLET 

INLET 

3.1.4 GENERATOR COOLING - THE COOLING FLUID, QolJ CORNING ET-378, FLOWS 
THROUGH THE GENERATOR AT A MAXIMUM FLOW RATE 2-84 GPMa THE INLET 
PRESSURE AND TEMPERATURE IS 33 f 0,o OR -1.0 PSlA AND 210 4- 0.0 OR 
-10.0 'OF, RESPECTIVELY. THE MAXIMUM PRESSURE DROP ACR05S THE MA* 
CHtNE MUST NOT EXCEED 13 PSI, 

3.1.5 VACUUM PUMPS WILL BE REQUIRED TO UPLL 1 PSIA PRESSURE OR LESS ON 
THE GENERATOR CAVITY AND OUTSIDE SEALS. 

3.1.6 ,SPIN TEST - T H I S  FACILITY WILL BE CAPABLE OF SPINNING THE ROTOR AT 
A SPEED OF 18000 FLUS OR MINUS 2$ RFM FOR A PERIOD OF FIVE MINUTES. 

4.0 I NSTRL@ENK$T 1 ON 

4.1 CA L I B R A T I O N  
4.1.1 A L L ~ ~ N S T R U M E N T S  SHALL BE CALtBRATED WITHIN THE PREVIOUS 3.0 DAYS 

F R W  THE TIME THE TEST IS STARTED'TO AN ACCURACY OF PLUS OR MINUS 
1s FULL SCALE, AND PLUS OR MINUS 1/48 FULL SCALE FOR SYMMETRY OF 
CONSTRUCTION TEST. 

4.1.2 WATTMETERS, AC AMMETERS, AC VOLTMETERS, A'ND CURRENT TRANSfORMERS 
SHALL BE CALIBRATED FOR USE AT 400 CPS. 

4.2 ELECTRICAL QUANTITIES - FOLLOWING ARE THE ELECTRICAL QUANTI- 
TIES TO BE READ ,VISUALLY: 

3 
W 

I =  
I /  

: 5  
PL I , 

( A )  L I N E  TO NEUTRAL VOLTAGE AND LINE TO LINE VOLTAGE, 

VOLTS RMS AT 400 CPS). 

TOTAL 3-PHASE POWER (o -~oo  bd). 

F I E L D  .VOLTAGE (0~50 VOLTS Dc) 
FIELD CURRENT (0-25 AMPS DC) 

SWITCHED TO ALL L I N E S  OR I N D I V I D U A L  METERS (0-250 

LI N E  CURRENT (0-500 AMPS RMS AT 400 CPS), ( E )  
(C) 
(D) FREQUENCY (0-500 CPS) 
(E) 
(F) 
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6.0 

7.0 

THE 
A BRISTOL MULTIPOINT RECORDER. 

IRON-CONSTANTAN THERMOCOUPLE TEMPERATURES .SHALL BE MEASURED MI.TH . j  4.3 

4.4. OSCILLQGRAPH TRACES SHALL BE RECORDED WITH A HONEYWELL HELLAND 9s- 
CILLOGRAPH. 

4.5 HARMONIC VOLTAGE SHALL BE MEASRUED WITH A GENERAL R A D I O ~ W A V E  ANAI,- 
YZER. $3 

' ?  
i HOT AC W:INDING RESIST'ANCE SHALL BE MEASURED USING A SEELY BRIDGE' 4.6 

I N  CONJUNCTION WITH A G.E. qOUatE BRIDGE. 

STANDARD ,TEST COND I T I ONS 

5.1 THE TESTS WILL BE CONDUCTED .UNDER ATMOSPHERE CONDlTIONS -WHICH EXIST 
IN THE TEST LA5QRATORY UNLESS NOTED OTHERWlSEe 

5.2 CooerPsG OIL: 

(A) TYPE: ET-378 
(E) RATE OF FLOW: 2,84 PLUS 0.0 OR MINUS 041 Gf%l . 
(C) INLET TEMPERATURE: 210 PLUS 0.0 OR MINUS 10.0 O F  

5.2.1 [3EARING AND SEAL O I L  WLLL FLOW ACCORDINGsTQ THE CONDITIONS SPECO- 
FIED IN PARAGRAPH 3.163- 

5.3 ELECTRICAL RATlPdQ - COPitTtNUQUS FULL LCIAR RAT1MO. aS SPECIFIED BY 
PARAGRAPH 1.2. 

DATA RECORDING PROCEQURES 
6.1 GENERAL - A L L  5ATA RECORDED VOSUALLY MUST BE ENTERED @kN THE DATA 

SHEETS WITHOUT CORRECTION. ( F  CORRECTIONS MUST BE WADE FOR CALI- 
BRATION9 SUCH DATA MUST BECOME A PERMANENT PART OF THE TEST DATA. 

6.2 CALCULATIONS - CALCULATED DATA SHALL BE MARKED AS SUCH AND THE 
METHOD ,OF CALCULATION NOTED. 

ENTRIES - MAKE ENTR1fS.ON TH4E DATA SHEETS NEAT AND LEGIBLE AND 
KEEP DATA SHEETS C L E P ~ ,  RECGRD DATA ORIGINALLY ON THE DATA SHEETSa 

2 6,3 

.. TITLE OF TEST REFa AGC-101759 PARAe NO. 

9--- - - - EXAMINATION OF PwsDucr 7* 1 
ROTOR OVERSPEED ,7,2 ,3 0 3 * I 9. I 
RESISTANCE CHECK 7.3 
No LOAD EXCITATION \7,4 
PERFORMANCE RAT $.NO 7.5 
WAVE FORM 7.6 

----..-- __ -- - -- 



AIRCRAFT GENERATOR ENGINEERING SUBSECTION 
DIRECT CURRENT MOTOR AND GENERATOR DEPARTMENT, ERIE, PA. . 

ACCEPTANCE TEST (CONT I NUED) 
>TI'TLE OF TEST PARAGRAPH No, REF. A G C - 1 0 1 , T  PARA. NO, 
s,YMMETRY OF CONSTRUCT I ON 7.9 3.3.4 

\ EXCITATION 7.10 3,3.6 

.EFE I C I ENCY 7e7 i 3.3,T 
ELECTRICAL CHARACTERISTICS ,7.8 3.3.9 
SHORT CIRCUIT CAPACITY 7.8.1 3.3,g.I 
OPEN CfRCUlT TrME CONSTANT 7* 8.2 3.309.2 

U SHORT CIRCUIT RATIO 7.8.3 3d399.3 
VOLTAGE DRQP 7e8-4 3,389.4 

HOUSING LEAKAGE 7,13 3.3,15 
COOL 1 NG 7.5 3.3.17 
OVERSPEED/UNDERSPEED 7,11 3d3619 
QIELECTRIC STRENGTH ,To 12 ,3,3.2'08 

7.7 EXAMINAYOQN OF PRODUCT - EACH d&NERATOR SHALL BE 
AkCQeDAMbE. W P T'H aTtHE Q h L  I TY AS~URANCE PROGRAM PLAN FgR THE 
SNAP-8 QENERATOR. PRIOR TO FINAL ASSkWBLYp INSPECTION AND 
.TEST RECORDS (PP EACH SUBA'sSEMBLY SHALL RE CH&eKED TQ DETERMINE 
CONFORMANCE TO APPLICABLE DRAWINGSa ASSEMBLY DATA SHALL BE 
CHECKED AND RECORbZDp AS REQUlRED BY THE 1NSPkC;flQN PLAN. AFTER 
COMPLETION (PF TESTS9 THE GENERA?OR SHALL BE lNSPECTel7 f O  bEfEF!+ 
MINE CONFdRMANCE WITH qUTLlNE DRAWING 194E691~ 

INSPECTED IN 

7.2 ROTQR QVERSPEED - THE ROTOR OVERSPEED TkST WILL BE CONbUCTED ON 
A COMPLETED ROTOR WITHOUT THE QUILL SHAFT AND PRIOR TO ASSEMBLY 
INTO THE GENERATbR. THE ROTOR WILL BE M0UNTEb IN A HIGH SPEED 
TEST STAND AND HEATED BY RADIATOON TO 550°F PLUS OR MINUS 50°F 

RPM- FOR FlVE MlhlUTESa AFTER COMPLETION OF T H I S  TEST9 THE ROTOR 
BALANCE AND OD SHALL BE CHECKED AND RECORDED. 

AT 12000 R P W ~  THE ROTOR SPEED SHALL THEN BE INCREAS~D TO 18000 

, 
,RESISTANCE CHECK - W.IND1NG RESlSTANCES SHALL @E CHECKED:, CORREC- 
'TED .TO 25°C AND SHALL FALL WiTijtN THE LIMITS NOTED BELOW: , , 

7.3 

T1 TO 74 .00550 TO ,00575 OHMS 
T2 TO T5 .00550 TO .00575 OHMS 

F1. TO F2 1.49 TO 1.63 OHMS 
T3 TO T6 .00550 TO ,00575 OHMS 

7.4 NO LOAD EXCITATION - VARY THE FIELD CURRENT FROM 0 TO 30 AMP 
RECORDING LINE-TO-NEUTRAL VOLTAGE IN 5 VOLT STEPS AT RATED 

VOLTAGE. PHASE ROTATION SHOULD BE T1-T2-T3 WHEN ROTATION IS 
AS NOrEb ON THE OUTLINE: DRAWING. 

SPEED. RECORD ALL PHASE AND LINE VOLTAGE AT  RATE^ GENERATOR 

23. 
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AIRCRAFT GENERATOR E N G I N E E R I N G  SUBSECTION 
DIRECT CURRENT MOTOR AND G E N E R A T O R  DEPARTMENT, ERIE,  PA. .--kt E 1 I w, 

PERFORMANCE R A T I N G " -  TAKE A S T A B I L l Z E D  F U L L  LOAD HEAT RUN A S  
FOLLOWS: 

1 .  THE QENERATOR C A V ~ T Y  SHALL BE EVACUATED TO a PRESSURE OF 
7 P S l A  MAXIMUM. THE B E A R I N G  O I L  FLQW S H A L L  B E  A D J U S T E D  .TO 

OF 32-33 P S l A  AND A TEMPERATURE OF 2004 F - 210° F W I T H  ,THE 
GENERATOR S P E E D  S E T  A T  12000 RPM. EACH GENERATOR AND ADAPTER 
D R A I N  S H A L L  BE P R O V I D E D  W I T H  A V I S U A L  MEANS OF C H E C K I N G  O I L  

T H E S E  D R A I N S .  T H E  GENERATOR SCAVENGE S Y S T E M  S H A L L  P U M P  T H E  
O I L  OUT O F  THE B E A R I N G  C A V I T Y .  THE D I S C H A R G E  P R E S S U R E  S H A L L  
B E  4,75 T O  5,O PSlA. 

.345 TO .355 GALLONS PER M I N U T E  OF ET-378 O I L  AT A PRESSUR'E 

L E A K A G E ,  THERE SHALL BE NO MEASURABLE O I L  L E A K A G E  AT ANY OF 

2. THE GENERATBR SHALL B E  COOLED W I T H  1600 POUNDS P E R  H O U R  
(2,84 GPM) OF ET-378 O I L  AT AN I N L E T  PRESSURE OF 33.0 PSIA. 

13.0 P S I  W H E N  T H E  O I L  TEMPERATURE I S  210° F. 
W ~ T H  THE SPEED SET AT 12b000 RPM, THE F O L L O W I N G  LOAD SHALL BE 

THE PRESSURE DROP THROUGH THE O I L  SYSTEM SHALL NOT EXCEED 

. 3. 
A P P L  1 ED: 

OUTPUT 80 K V A  AT .75 PF L A G G I N G  

C U R R E N T  223 AMPS ( R E F E R E N C E )  
F R E QU EN CY 400 CPS 

VOLTAGE 120/208 VOLTS RMS 

,THE MACH,INE W I L L  B E  CONSBDERED S T A B I L I Z E D  WHEN THE S T A T O R  
TEMPERATURE R I S E  AND THE F l E L D  TEMPERATURE R I S E  DO NOT I N -  
C R E A S E  WORE THAN 2" c I N  T E N  M I N U T E S .  

4, T H E  T E S T  S H A L L  B E  C O N T I N U E D  F O R  F I F T E E N  M I N U T E S  AND T H E  
FOLLOWING DATA S H A L L  B E  RECORDED: 

( A )  

( C )  Q E A R I N G  LUBE O I L  l N L E T  AND O U T L E T  P R E S S U R E  AND TEMPERA- 

( D )  GENERATOR E X C I T A T f O N  ( L I M I T S  - 20 AMPS MAXIMUM CURRENT,  

, ( E )  P H A S E  UNBALANCE ( L I M I T  pl 1% MAXIMUM) 
( F )  W I N D I N G  HOT SPOT TEMPERATURE S H A L L  NOT EXCEED 392* F 
( G )  V l B R A T l Q W  OF T H E  GENERATOR FRAME S H A L L  BE M O N I T O R E D  

D U R I N G  T H l S  T E S T .  

ELECTR I CAL OUTPUT VOLTAGE, CURRENT,  AND POWER 
( B )  GENERATOR S P E E D  A N D  FREQUENCY 

T U R E  (29v FROM GENERATOR < C O N N E C T  I O N ) ,  AND FLOW. 

20 VOLTS DC M A X I M U M )  

7.6 ,WAVE FORM - THE L I N E * T O = L I N E  HARMONLC V O L T A G E S  S H A L L  B E  
MEASURED BETWEEN 400 CPS AND 10,Oo~ C P S  A T  0, AND 700% 
LOAD A T  1.0 P F .  TEST C O N D I T I O N S  S H A L L  B E  A S  NOTED I N  PARA- 
GRAPH :7.5 E X C E P T  LOAD. A GENERAL R A D I O  WAVE A N A L Y Z E R  S H A L L  
B E  U S E D  T O  MEASURE T H E  I N D I V I D U A L  HARMONICS.  T H E  TOTAL D I S -  
T O R A T I O N  S H A L L  B E  D E T E R M I N E D  BY T A K I N G  T H E  S Q U A R E  ROOT O F  
T H E  S U M  OF THE S Q U A R E S  O F  THE I N D I V I D U A L  HARMONIC VOLTAGE 
P E R C E N T A G E S  AND S H A L L  NOT k X C E E D  7$. 
S H A L L  CONTROL THE O U T P U T  VOLTAGE FOR T H I S  T E S T ,  

THE VOLTAGE REGULATOR 

I 58(50)  I 
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7.8 

EF-FICIENCY - THE GENERATOR EFFICIENCY SHALL BE DETERMINED AT THE 
kbNDlTlONS NOTED IN PARAGRAPH ,765. 
CURRENTLY WITH THE PERFORMANCE RATING TEST' LOSSES OF THE VOLT- 
AGE REGULATOR AND EXCITER SHALL NOT BE INCLUDED IN THIS DETERMINAY 
TION. AT THIS LOAD (FULL LOAD, ,75 POWER "FACTOR) THE EFF IC1 ENCY:;; 
SHALL EXCEED 87%. 

I: 95$, AND 105% AT 1.0 PFe 
h 

THIS TEST WILL BE PERFORMED ON A 90 HP INDUCTION DYNAMOMETER: fPE 
INPUT TdRQUE WILL BE MEASURED ON A HOWE WEIGHTOGRAPH SCALE, WHlffl 
HAS A CAPACITY OF 100 FOOT-POUNDS. 

; THE TiST MAY BE RUN CON- 

D.ETERM1NE EFFICIENCY FBR 25$, 5%, 6583 75$, $58, 
1 

ELECTRICAL CHARACTERISTICS 
7.8.1 SHORT CIRCUIT CAPACITY - WITH .THE GENERATOR HOT AS A RESULT OF 

RUNNING AT RATED LOAD, A THREE PHASE AND SINGLE PHASE SHORT CIRCUIT 
SHALL BE APPLIED. THE GENERATOR SHALL BE CAPABLE OF DELIVERING 
206 ,OF RATED CURRENT AT RATED SPEED FOR A MINIMUM OF FIVE SECONDS. 
RECORD EXCITATION FOR A THREE PHASE SHORT ClRCUlT AT ONE PER UNIT 
AND TWO PER UNIT CURRENT. 

7.8.2 OPEN CIRCUIT TIME CONSTANT 

(A) REQU I REMENT P THE ALTERNATOR, OPERAT I NG AT STEADY-STATE 
TEMPERATURE9,SHALL HAVE AN OPEN CIRCUIT TRANSIENT TlME CONSTANT 
(T-DQ) NOT EXCEEDING 0.5 SECOND. 

(6) TEST APPARATUS - A MINNEAPOLIS HONEYWELL VISICORDER SHALL RE 

VOLTAGE. A GOOD QUALITY KNIFE SWITCH SHALL BE USED T O  SHORT 
THE FIELD WINDING. CARE MUST BE TAKEN (TO REDUCE THE IMPEDANCE 
OF THE FIELD LEADS TO A MINIMUM. THE LEADS SHOULD BE SHORT 
AND THE KfdIFE SWITCH SHOULD PROVIDE A GOOD CONTACT AREA WHEN 

TEST PROCEDURE - THE NO LOAD PHASE VOLTAGE OF THE GENERATOR 
SHALL BE ADJUSTED TO 120 VOLTS. THE VlSlCORDER SHALL BE USED 
TO RECORD THE SHORT CIRCUIT CURRENT OF THE FIELD ,USING A CHART 

USED TO RECORD ONE-PHASE VOLTAGE9 FIELD CURRENT, AND FIELD 

CLOSED. 
(C) 

SPEED OF 50 INCHES PER SECOND. 
THE FUSE USED TO PROTECT THE FIELD EXClTATlON SUPPLY SHOULD 
HAVE A CURRENT RATING SLIGHTLY ABOVE THE FIELD CURRENT RE- 

' QUIRED TO PRODUCE RATED NO ,LOAD PHASE VOLTAGE. 

THE METHOD OF CALCULATING THE D I R E ~ T - A X I S  TRANSIENT OPEN- 
CIRCUIT TIME CONSTANT IS DESCRIBED BY PARAGRAPH 1.910 
OF AlEE TEST CODE FOR SYNCHRONOUS MACHINES, NO. 503, 

SHQRT CIRCUIT R A T I O  - THE RATIO OF THE FIELD CURRENT AT NO 
A THREE PHASE ONE PER UNIT SHORT CIRCUIT CURRENT (PARAGRAPH 
:7.8.1) SHALL BE DETERMINED. 

,LOAD, RATED VOLTAGE (PARAGRAPH t7.4) TO THE FIELD CURRENT FOR 

THI S RATIO SHALL EXCEED 0.25. 
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7.11 GENERATOR OVERSPEED/UNbERSPEED - RATED LOAD SHALL BE APPLIED T O  THE 
GENERATOR AT 11,400 RPM AND 13200 RPM FOR FIVE MINUTES AT EACH SPEED. 
TEST CONDITIONS AND LlMtTS SHALL BE IN ACCORDANCE WITH'PARAGRAPH 
7.5 EXCEPT FOR SPEED, FREQUENCY AND EXCITATION LIMITS. 

A I R C R A F T  G E N E R A T O R  ENGINEERING SUBSECTION 

7.12 DIELECTRIC STRENGTH - WHIEL THE GENERATOR Is HOT AS A RLSULT OF 
TESTING, THE FOLLOWINQ VOLTAGES SHALL BE APPLIED FOR ONE MINUTE 

' (OR 120% OF NOTED VALUES FOR I SECOND). 

MAIN STATOR PHASE TO PHASE 1416,VoL~S A-C RMS 
PHASE TO GROUND 1240 VOLTS A-C RMS 

FIELD COIL COIL TO.GROUND 500 VOLTS A-C RMS 

7.13 HOUSING LEAKAGE - THE DRIVE END OF THE GENERATOR SHALL BE ADEQUATEL 
ALL DRAIN PORTS SO THAT ALL GENERATOR CAVITIES MAY BE EVACUATED. 
WHEEJ THE REQUIRED PRESSURE I S  ATTAINED, THE GENERATOR WILL BE EN- 
CASED IN A BLANKET OF HELIUM BY A SUITABLE MEANS AND THE-HELIUM 
LEAKAGE INTO THE GENERATOR SHALL BE DETERMINED, THE MAXIMUM 
ALLOWABLE LEAK RATE SHALL BE 1 X 10 -7 CUBIC CENTIMETERS 
(CC) OF HELIUM PER SECOND. 

SEALED WITH A TEST FIXTURE. THE LEAK DETECTOR SHALL BE CONNECTED T 

THE TEST WILL BE CONDUCTED AT 
ROOM TEMPERATURE6 
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